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In the future development of the electronic industry, the transistor is undoubtedly destined 
to play a more and more prominent role. It is quite conceivable that the use of this crystal 
amplifier will come to be as frequently discussed in this Review as the electronic tube. It therefore 
seems desirable to devote a series of articles to the basic theory of the transistor and its behaviour 


in circuits. This first article deals with the simple theory of the transistor, applicable for small 


current densities and low frequencies (audio frequencies ). 


Introduction 


A transistor is a crystal amplifier which can be 
used to amplify electrical signals. It is manufactured 
from semi-conducting material, for which, so far, 
germanium has chiefly been used. The “junction 
transistor’ derives its name and its properties from 
the so-called P-N junctions between the different 
layers of which it is composed !). The properties of 
these junctions have been discussed in an earlier 
article in this Review 2) (further referred to as I), 
in which the rectifying action of a P-N junction was 
explained. So far as they are necessary for an under- 
standing of the transistor mechanism, we may 
recapitulate the ideas given in I. 


P and N regions in germanium; P-N junction 


In germanium the electrical conductivity is due 
to two kinds of charge carriers: the “conduction 
electrons” and the “conduction holes”’, subsequently 
referred to simply as “electrons” and “holes”. The 
holes manifest themselves as positive, mobile charge 
carriers. In the absence of outside influences, at 
every point in the crystal, the product of the con- 
centration of holes and the concentration of elec- 
trons is equal to a constant (which increases rapidly 


1) The idea of the junction transistor was originated by 
Shockley, who, after setting out the theory of the P-N 
junction, showed how the junction transistor could be 
constructed and predicted its properties. See Bell Syst. 
tech, J. 28, 435-489, 1949. ; 

2) J.C. van Vessem, Theory and construction of germanium 
diodes, Philips tech. Rev. 16, 213-224, 1954/55 (No. 8). 


with rising temperature), characteristic for germa- 
nium. The presence of traces of certain elements in 
the crystal lattice makes the concentration of holes 
very high and, in view of the constancy of the 
product, that of the electrons low; this gives us 
P-germanium. Other elements raise the concentra- 
tion of the electrons and thus lower that of the holes; 
one then speaks of N-germanium. The charge carriers 
in the higher and lower concentrations are called the 
majority and minority charge carriers respectively; 
the minority carriers are thus electrons in the 
P-region and holes in the N-region. 

In the simple theory of the P-N junction and also 
of the transistor, we may assume that if the foreign 
are homogeneously 


chemical elements 


distributed in their respective regions, every volume 


present 


element is electrically neutral *). Together with the 
condition that the product of the concentrations of 
holes and electrons be constant, the neutrality 
condition determines the values of these two 
concentrations in homogeneous regions of the crystal 
in the absence of external influences. The values of 
the concentrations thus fixed are known as the . 

, 


“equilibrium concentrations’. 
P and N regions may be present in the same 


3) Strictly speaking, space charges can occur at the extreme 
outer edges of a homogeneous crystal region. The distances 
over which these space charge regions extend, however, are 
always so small that by comparison with the other dist- 
ances involved in the theory of the transistor, they may be 
neglected. 
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crystal. At the junction between P and N regions 
large space charge densities may occur. The space 
charge region, which is very thin (see also note ahs 
and which one can visualize as being bounded by 
two more or less sharply defined planes 1 and 2, is 
called the “P-N junction” or “barrier”, Fig; la 
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Fig. 1. Concentrations of minority charge carriers (full lines) 
and of majority charge carriers (broken lines), as functions of 
position on either side of a P-N junction in a germanium crystal. 
The concentration of majority charge carriers in practice is 
between 104 and 10° times that of the minority charge carriers. 
I and 2 denote the boundary planes of the junction. 

a) No voltage is applied to the crystal; everywhere outside the 
junction the concentrations assume uniform equilibrium 
values. By the addition of suitable impurity elements in the 
proper proportions, both in the P-region and the N-region, 
the equilibrium concentrations can be varied within wide 
limits (on condition that the product of minorities and majori- 
ties in any one region remains constant). 

b) A voltage is applied to the crystal which raises the potential 
on the P-region with respect to the V-region. The electric field 
F, whose direction is shown by arrows, drives majority charge 
carriers (holes in the P-region and electrons in the N-region) 
towards the P-N junction. 

c) The polarity of the voltage is opposite to that in (b). The 
field now drives majority charge carriers away from the 
junction. 

represents the equilibrium concentrations of major- 
ity and minority charge carriers in the P and N 
regions, supposed homogeneous, on opposite sides 
of such a barrier. How the concentrations vary 
within the barrier is not of importance for the 
simple theory of the transistor. A typical value of 
the concentration of the minority charge carriers is, 
for example, 10" per cm*; that of the majority 
charge carriers is then 5 x 10!° per cm® (since the 
constant product is about 5 x 106 at room tempera- 
ture). 

In the following discussion, we shall consider 
principally the minority charge carriers. We shall see 
that the properties of the P-N junction and of the 
transistor are largely determined by the behaviour 
of the minority charge carriers, although the majori- 
ty carriers are indispensable to the physical process- 
es to be described. Furthermore it will be seen that 
the currents of minority carriers (or, briefly, minori- 
ty currents) can be directly calculated and that 
conclusions can then easily be drawn about the 
majority currents. 

The concentration of the minority charge carriers 


(or, briefly, minority concentration) will be denoted 
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in general by g and its equilibrium value by G. 
Where necessary a suffix will indicate to which 


region the concentration applies. 


Concentration changes under an applied voltage 


If a voltage is applied between a P and an N 
region, then deviations from the equilibrium 
concentrations occur in the neighbourhood of the 
junction (fig. 1b and Ic). If the portion of the 
potential difference which is developed between the 
two boundary planes J and 2 of the P-N junction be 
V (V is considered positive if the potential of the 
P-region is raised with respect to that of the N- 
region), then the minority concentrations in these 


boundary planes are given by: 
gue ee Mand ee) 


where —q is the charge of the electron, k is Boltz- 
mann’s constant and T the absolute temperature *). 
For each of the two boundary planes the appropriate 
equilibrium concentration must be substituted for G. 

For a given P-N junction the minority concentra- 
tions in the boundary planes are thus fixed by the 
external voltage across the junction. It can be 
shown that when a voltage is applied, the neutrality 
condition remains valid for homogeneous regions of 
the crystal outside the barrier layer °), but that the 
condition that the product of the minority and 
majority concentrations be constant then ceases 
to apply. The neutrality condition means that out- 
side the barrier layer, at every point in a homogene- 
ous crystal region where the minority concentration 
is altered, the majority concentration must also be 
altered by an equal amount. 


Diffusion currents of minority charge carriers; 
forward and reverse direction 


As explained at length in I, pairs of electrons and 
holes continually appear and disappear: so-called 
generations and recombinations. Generations will be 
dominant where the concentrations lie below the 
equilibrium values, and recombinations will domi- 
nate in the reverse case. Concentrations differing 
from the equilibrium values will be set up at the 
barrier planes when a voltage is applied across the 
junction. Some distance from the junction, the 
equilibrium concentration will be maintained by 


*) In accordance with the increasing practice in transistor 
literature, the symbol q is used for the electronic charge 
in place of the conventional e. In article I, qg/kT was 
arn as a RR constant a; V corresponds 
to —Ap in article I, while (1) correspo i 
(ee) onl (166) in that aa eS ee 

°) This neutrality condition was used in I to deduce 
equation (1). 


» 


MARCH 1956 


generation and recombination: thus a concentration 
gradient is set up which is steepest near the junction 
and trails off into the crystal. Whenever a gradient 
exists in the concentration of particles that take 
part in the thermal motion, the thermal agitation 
sends, on an the 
direction from high to low concentration than vice 


average, more particles in 
versa. This is the well-known phenomenon of 
diffusion. The magnitude of the diffusion current 
density at any point is (apart from the sign) 
proportional to the concentration gradient at that 
point; the proportionality factor D is called the 
“diffusion constant’’. 

The charge carriers are subjected to the action 
of the electric field as well as to that of diffusion: 
the resulting current is a superposition of the field 


Where the 


majority current is concerned, the field and diffusion 


current and the diffusion current. 
work in opposite directions; it can be seen in fig. 1b 
that the field drives holes to the right, while the 
concentration gradient in the P-region drives them 
to the left. The field, however, which set the whole 
process in motion, retains the upper hand. For the 
minority carriers, the field and diffusion reinforce 
each other. The minority current resulting from the 
electric field is, however, everywhere negligible with 
respect to the total current (majority plus minority 
currents). The reason for this lies in the great dif- 
ference in the concentrations: since the field current 
is proportional to the concentration, a field which 
produces a reasonable current of majority carriers 
will result in no appreciable minority current. When 
the minority current makes an appreciable contribu- 
tion to the total current, this contribution must be 
derived almost entirely from diffusion. Where the 
minority current is concerned, therefore, we need to 
consider only the diffusion current. Thus the flow of 
holes which, in fig. 1b, crosses the P-N junction into 
the N-region is almost purely diffusion current. This 
current is maintained by a continuous supply of 
holes from the P-region. In fig. lc, the diffusion 
current of holes in the N-region is directed towards 
the P-N junction. Those holes which reach the 
junction are carried off into the P-region by the 
electric field against the diffusion action. The 
electron currents in fig. 16 and le are brought 


about in an analogous manner. 


That the minority charge carriers are almost exclusively 
moved by diffusion, can be seen in a more quantitative way as 
follows. 

The current of holes I* consists of a portion lee supplied by 
the field, and a portion Ds supplied by diffusion. The same 
applies to the electron current I’, which consists of I, and 
ii Suppose that in the N-region, the field supplies a fraction 
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A of the minority current (i.e. hole current ). Then: 


and thus 


Ty (dd 


The field will give rise to a majority current of electrons, which 
is greater than the field hole current by a certain factor B, thus: 
Ty = BIy BAT’ 

We are here considering only cases where the majority 
concentration is everywhere very much greater than the 
minority concentration. The factor B is then a very large 
number: for example of the order of magnitude of 10°, 

Since the concentration of electrons and holes follow parallel 
curves, the concentration gradients for the two sorts of charge 
carriers are the same in any cross-section. The diffusion con- 
stant for electrons is about twice as great as that for holes, and 
Mw 2 


greater than that of holes. As a result of the difference in sign of 


the diffusion current of electrons is thus a factor 
the charge, the currents, regarded electrically, are in opposite 


directions: 


Iz =—M Ij =—M (1—A) I* 


The total current is 


I=It+0=1++%e+ij=)14B4—-M(1—A){I*, 


so that 
iz 1 
I 1—M+(B+M)A°’ 


At some distance from the P-V junction, where the concen- 
tration gradient is rather small, the current of minority charge 
carriers may be as much as 1% field current, i.e. A = 10°. 
Then (taking B = 10° and M = 2) I‘ is about one thousandth 
of the total current and the whole minority current is thus 
negligible. This case is of no interest. Everywhere where I“ is 
not negligible compared to the total current, however, A is 
very small. It can easily be calculated that A ~ 10°? when 
I*/I = 1%, and A decreases as I" /I increases. If the minority 
current is appreciable, then it is almost entirely a diffusion 
current. 

At a great distance from the P-N junction, where the 
equilibrium concentrations are substantially the equilibrium 
values, the concentration gradient is very small. Diffusion is 
then quite negligible and the minority current is therefore 
purely a field current. However, the whole minority current is 
then negligible, in accordance with the conclusions drawn 


from (2). 


The fact that the behaviour of the minority 
carriers is determined entirely by diffusion is the 
reason why their behaviour is much simpler to 
analyse than that of the majority carriers. In article 
I (p. 221) it was deduced for the one-dimensional 
case, with which we are also concerned here, that 
the minority concentration approaches the equili- 
brium value as an exponential function of distance x. 
The distance L in which the deviation from the 
equilibrium value changes by a factor e is the 
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so-called diffusion length *). The fact that we are 
here dealing with an exponential function gives us 
the following relationship (see fig. 2): 
dg(x) g(x) —G (3) 
dx IE 
For the minority current ‘), which is actually a 


diffusion current (Iq), 


ee) 
Gh == ¥/ We ° 
or, in combination with (3): 
x)—G 
iar Dees Leva (4) 


In these formulae no account is taken of the sign 
of dg(x)/dx and of Ig; the sign of Ig can be decided 
by a glance at the figure. The diffusion constant for 
holes Dp, or that for electrons Dy, must be substitut- 
ed for D according as the minority current consists 
of holes or electrons. D, is about twice as large as 
Dp. The value of L is strongly dependent on lattice 
defects in the crystal and on the impurities present, 
and its value can vary widely as between the various 
homogeneous regions of the crystal. In the following 
discussions we sball, where necessary, indicate by a 
suffix to L, the region to which this quantity 
relates °). 
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Fig. 2. The difference g(x) —G between the concentration 
g(x) of minority charge carriers and their equilibrium concen- 
tration G follows, in the one-dimensional case, an exponential 
curve. The sub-tangent of such a function is constant and 
represents the distance in which the function changes its value 
by a factor e (here, this is the diffusion length L) Thus for 


every value of x, ignoring the sign, dg(x)dx = ; g(x) —G{ i L. 


Since g(x), for the boundary planes, is given by 
(1), we can express the minority currents in these 
planes in terms of the voltage across the P-N 
junction: 


DG 
Tiga tee 1) Sect. 's (5) 


The total current is, of course, the sum of hole and 
electron currents calculated at the same place. 


6) Diffusion-recombination length would perhaps be a more 
appropriate name since L is the average distance which 
minority charge carriers move in the x-direction by diffusion, 
before they disappear by recombination. 

*) Strictly speaking, not the current, but the current density 
is of importance here. One can imagine simply that we are 
here dealing with a P-N junction of unit cross-sectional area. 

8) Once more we deviate from the notation in I. In the suffices 
to the diffusion lengths L, and Lp mentioned on p. 221 
refer to the type of charge carrier. 
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Consider the cross-section 2 at the boundary plane 
of the junction (fig. 1). Here the holes form the 
minority current, the magnitude of which is given 
by (5). The electron current at 2, i.e. the majority 
current, is unknown. However, we now make use of 
the fact that, because the P-N junction is very thin, 
the effect of generation and recombination within 
the junction is negligible: hence the electron current 
across 2, where it is the majority current, must 
be equal to that across plane 1, where it is the 
minority current, and is given by calculating the 
latter from (5). 

Fig. 3a and b show the concentrations of the minor- 
ity charge carriers at a P-N junction and their 
relation to the diffusion lengths, for both voltage 
directions. From these diagrams it is simple to 
deduce the minority currents at the junction, and 
thus also the value of the total current. Fig. 3c and d 
show how the hole current and the electron current 
change continuously on going from the P-region 
to the N-region and vice versa, so that their roles 
as majority and minority currents are interchanged. 

As V becomes increasingly negative, it is seen 
from (5) that the diffusion current approaches a 
saturation level. Also from fig. 3b it is immediately 
clear that saturation must occur: the minority 
concentrations cannot fall below zero. Since at room 
temperature kT/q ~ 1/4) volt, the saturation value 
of the current has been reached long before the 
potential drop across the P-N junction is —1 volt. 
The negative sign indicates that the potential is in 
the reverse direction. If V is positive, the current 
increases rapidly with the voltage; this is the 
forward direction. 

The following remarks will serve to illustrate that 
the electrical conductivities of the adjoining P and 
N regions have a very unexpected effect on the 
current across the junction. As we have seen, the 
total current can be evaluated by adding the minority 
diffusion currents at the junction as given (5). by 
At the junction, each type of carrier therefore 
contributes an amount proportional to its minority 
equilibrium concentration G to the total current (the 
latter, of course, is the same throughout the crystal). 
Now, the minority equilibrium concentrations G 
will be smaller in a crystal of high conductivity 
since then the concentration of majority carriers 
is high (product of equilibrium concentrations is 
constant). Hence we find the apparent paradox that 
for a given voltage across the junction, the current 
is higher the worse the conductivities of the P and 
N regions on either side of it. This again illustrates 
that it is not the electrical conductivity but the 
diffusion which determines the current.. 
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Fig. 3. Variation of the concentration g of the minority charge carriers (electrons in the 
P-region and holes in the N-region) at the P-N junction. The concentration gradients 
occurring at the boundary planes J and 2 of the junction can be read off the figure, after 
which the minority currents themselves can be written down directly. Lp and Ly are the 
diffusion lengths in the P and N regions respectively. ; 

a) The voltage across the junction is in positive direction of x; the field drives holes to the 
right (same case as in fig. 1b). 

b) The voltage is of the same magnitude, but negative; the field drives holes to the left 
(same case as in fig. lc). 

c) Hole current I* and electron current I~ for the P-N junction in situation (a). In the 
direction of increasing x, the hole current gradually gives way to the electron current, so 
that the total current remains constant. 

d) Hole current and electron current in situation (6). Both currents are now negative and, 
furthermore, much smaller than in situation (a): the voltage is in the reverse direction, 
whereas in (a) it is in the forward direction. 
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Action of the junction transistor 
Basis of amplification by a transistor 


A transistor consists of a single crystal of germa- 
nium in which a P-N junction facing in the x-direc- 
tion is followed by an N-P junction. There are thus 
two P-regions, separated by an N-region, known as 
the base. Each region is fitted with an electrode 
(fig. 4). 

Before investigating the details of the action of 
the transistor, we shall first summarize its essentials. 

At one boundary plane of the base (cross-section 2, 


collector 


P 
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Fig. 4. Schematic representation On fl P-N-P-transistor. 
Between the P-regions to the left and right, respectively 
designated “emitter” and “collector”, is the “base of N- 
germanium. I., I, and Ip are respectively the emitter, collector 
and base currents. Currents in the direction of the arrows are 
considered positive. 1, 2, 3 and 4 mark the boundary planes of 
the P-N and N-P junctions. e; A.C, input source; R) resistance 
in the collector circuit, across which the amplified voltage 


appears. 


see fig. 5) the minority concentration (holes) is fixed 
at a value g(2) lying above the equilibrium value 
by applying a voltage across the P-N junction in the 


forward direction. In the other end-plane (section 3) 


the concentration of holes is fixed at zero by a 
sufficiently large voltage across the N-P junction 
in the reverse direction. A large concentration 
gradient in the x-direction now exists in the base. 


collector 
(P-germanium) 


base 
(N-germanium) 


emitter 
(P-germanium) 


Fig. 5. To explain the essential principle of transistor action, 
the concentration of only the minority charge carriers g(*) in 
the base of a junction transistor is given as function of position 
x. Gp represents the equilibrium concentration of the minority 
charge carriers in the base. 
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Since the current of minority charge carriers ne 2) 
diffusion current, the concentration gradient results 
in a current of holes in the x-direction. This flow of 
holes is maintained by a continuous supply of holes 
from the P-region on the left; this P-region is there- 
fore called the “emitter”. It is often said that the 
emitter “injects” holes into the base. The holes 
disappear over the N-P junction into the P-region 
to the right; this P-region is therefore known as the 
“collector”. The current of holes through the base 
thus makes a contribution to the current through 
the collector circuit. Since the emitter voltage is in 
the forward direction with respect to the base, a 
small variation of this voltage gives a large change 
in the concentration of holes at section 2 (see eq. 1). 
This also causes a change in the concentration grad- 
ient and thus in the flow of holes in the base and 
across the collector junction. The result is a change 
of current in the collector circuit and thus in the 
voltage drop over a load resistance Rj which is 
included in the circuit (see fig. 4). This is accompan- 
ied by a change in the potential of the collector with 
respect to the base, but since this potential is in the 
reverse direction, the collector voltage can vary 
quite considerably before the concentration of holes 
at section 3 deviates appreciably from zero. It is in 
fact possible to make Rj] so large that a small change 
in the voltage between emitter and base reappears, 
amplified, across Rj. In the circuit shown (fig. 4), 
the transistor thus gives voltage amplification. 


Closer examination of the situation in a transistor 


In the above explanation of the amplification 
produced by a transistor, no mention was made of 
the electrons, nor of generation and recombination. 
We shall now fill in these gaps. In fig. 6a it is 
assumed that the base thickness w is considerably 
greater than the diffusion length of holes in the base 
(w > Ly). The variation of the minority concentra- 
tions in emitter, base and collector is shown: in the 
emitter and collector this is the concentration of 
electrons; in the base, that of holes. Again, the 
minority concentration at the emitter junction is 
raised to a level above the equilibrium value by a 
voltage in the forward direction, while at the 
collector junction it is held almost at zero by a 
voltage in the reverse direction. The currents 
across the two junctions are independent of each 
other; they are simply the currents across single 
P-N junctions as discussed earlier. The difference 
between the currents across the emitter and collector 
Junctions is supplied via the base contact. Because 
a change of voltage between emitter and base has no 
effect on the concentration gradient at the collector 
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junction, there is, in this case, no transistor action. 

In fig. 6b it is assumed that the base thickness is 
small with respect to the diffusion length (w <p), 
as should be the case in a good transistor. In contrast 
to the case shown in fig. 6a, the concentration 
gradient for holes in the base near the collector 
(section 3) is now no longer equal to Gp/Lp as would 
follow from (eq. 3), but greater, because the con- 
centration of holes g(2) at section 2 exerts an influ- 
ence (of magnitude dependent on the thickness w of 
the base). The current of holes crossing the collector 
junction will not, therefore, have the normal 
saturation value corresponding to the given Gp and 
Ly, but will be larger. A change in g(2), occasioned 
by a change of voltage between emitter and base, 
will now certainly influence the flow of holes across 
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Fig. 6. Minority concentrations g(x) in the emitter and in the 
collector (electrons) and in the base (holes) of a P-N-P 
transistor, as functions of position x. 

a) The base thickness w is large with respect to the diffusion 
length Lp in the base. The concentration curve is determined 
by the generation and recombination processes, just as in 
separate P-N junctions. The concentration gradient of holes at 
section 3 is G,/Lp and is not influenced by the hole concentra- 
tion in section 2. There is no transistor action. 

b) The base thickness w is small compared to Ly. The hole 
concentration in section 3 is now affected by the concentration 
at section 2, and transistor action occurs. In emitter and 
collector, the concentration curves remain the same as in 
(a). The broken line shows the hole concentration curve that 
would occur in the base if the N-P Junction was much further 
away from the P-N junction. 
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the collector junction. The electron current in the 
collector is not altered because the concentration 
gradient for electrons in the collector is not altered. 
A variation of the hole current across the collector 
junction thus means that the same variation occurs 
in the total current through the collector circuit, for 
there is no flow of holes to or from the base contact 
(the concentration gradient is directed substantially 
along the x-axis and the hole current follows this 
gradient). 

If the thickness w of the base is very small compar- 
ed with the diffusion length, generation and _re- 
combination in the base can be neglected. The hole 
current, given by qDdg/dx, is then constant through- 
out the base, and since q and D are constants, the 
same applies to the concentration gradient dg/dx, 
which becomes g(2)/w. This gives the situation shown 
in fig. 5. The bend in the concentration curve, as 
shown in fig. 6b, is caused by the fact that generation 
and recombination do have some effect. 

At the emitter, the current change which ac- 
companies the voltage change is supplied partly by 
electrons and partly by holes. Since only holes 
contribute to the current change in the collector 
circuit, the transistor, in the circuit shown in fig. 4, 
gives a current amplification of less than 1. However, 
the product of current amplification and voltage 
amplification can, by careful design of the trans- 
istor and suitable choice of R; and of the D.C. bias 
voltages of the emitter and collector circuits, be 
made much larger than unity, so that power amplifi- 
cation occurs. 


Emitter efficiency y, base efficiency / and current 
amplification factor « 


For a small increase in the emitter voltage V. 
(considered positive when in the forward direction), 
the current across the emitter junction increases by 
an amount Al,, consisting of a hole portion AJ,.* 
and an electron portion AI, . Since only AI,” is 
effective in producing a change of collector current, 
the transistor works better the larger the fraction 
Al,* makes up of the total current change AW Ay 
For constant collector voltage V,, this fraction is 
called the emitter efficiency y, thus 


(6) 


If generation and recombination in the base 
cannot be neglected, it should be noted that re- 
combination will be dominant because the average 
hole concentration in the base lies above the 
equilibrium value (fig. 6b). Only a fraction B of 
Al, reaches the collector to bring about an increase 
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Al,.* in the collector current. This fraction, again 
measured at constant collector voltage. is called 


the base or transport efficiency: 


Ale 
| 11. iF = — jit 


(The negative sign comes from the convention given 


(7) 


in fig. 4 of calling currents positive if they are 
directed towards the crystal.) The electron current 
across the collector, as we have said, is constant 
because the concentration gradient for the electrons 
in the collector remains unchanged. This applies in 
the case considered here (V.—= constant) exactly. 
Thus: 

AI,” = —pAI.* = —ByAle. 


This relation fixes the current amplification which 
occurs at constant collector voltage. The positive 
product Py is called the current amplification factor 
a; if we now change over to differentials, this may 


be written: 


Ol. 
= — ; 8 
Gar (8) 
Also, 
a= py. (9) 


From the definition of § and y it follows that the 
current amplification factor «a < 1. In practice V, 
will not be constant and the real current amplifica- 
tion will be smaller than a. Efforts are made to 
make (/ and y independently as close to unity as 


possible in order to make a as large as possible. 


Approximate calculation of y 


Neglecting generation and recombination in the 
base, it is easy to calculate y. It follows from (1) that 
the ratio of the minority concentrations on opposite 
sides of a P-N junction is equal to that of their 
equilibrium concentrations, and thus independent of 
the applied voltage. When the voltage is changed, 
therefore, the accompanying concentrations changes 
will also be in the same proportion. For the emitter 
junction we thus have the relationship: 


aoe ae a eee (10) 


From fig. 6b, assuming that the hole concentration 
curve is linear in the base, it can be deduced that: 


Ag (2 
| 4g(2) 5 
Ah w : — 
rie | Ag (2) Ag (1) 
—— D, + ——Dn 
w P Ne 
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from which, with the help of (10), we find for the 
emitter efficiency: 


1 
Y —— a == a © 
Ge Draw 


a 2s 


Gears 


(11) 


Some requirements for emitter, base and collector 


Equation (11) shows various possibilities for 
bringing y close to unity. Dp and D,, are constants 
of the pure material of the transistor, in the present 
instance, germanium. L, is made as large as possible 
by allowing the crystal to grow as regularly as poss- 
ible; irregularities promote recombination and gener- 
ation and thus reduce the diffusion length. The most 
important possibilities for increasing the value of 
lie in making both G./Gp and w small. Now a small 
minority equilibrium concentration necessarily im- 
plies a large majority equilibrium concentration and 
vice versa, and since the conductivity is determined 
by the majority concentration, the conductivity 
of the emitter should be and that of 
the base small, to get a low value of G./Gp. The 
requirement that w be small (thin base) is not only 
to obtain a large emitter efficiency, but is, of course, 
also favourable for the base efficiency, since in a thin 
base only few holes are lost. For the same reason it is 
advantageous if the diffusion length in the base is 
long. In the base, too, the crystal must therefore be 
as regular as possible. The loss of the transistor 
action if the thickness of the base is several times 
the diffusion length has already been pointed out 
(fig. 6a). In such a case, the base efficiency 6 = 0. 


The electron current across the collector is a 


large 


leakage current, which is desirable to keep small; 
this can be done by making G, small. Therefore the 
collector should also be of high conductivity. 


Approximate calculation of B anda 


If the loss through recombination in the base is 
small, and f therefore little less than 1, it is easy to 
deduce an expression for $. The concentration curve 
then deviates only slightly from the straight line in 
fig. 5. The number of holes in the base, summed over 
the length w (per cm? cross-section), is thus given 
fairly well by the area of the triangle under this 
concentration line and is equal to 4wg(2). Now 
minority charge carriers have an average lifetime of 
t (in the base th), which is proportional to their 
probability of recombining with a majority charge 
carrier. The lifetime does depend on the majority 
concentration though not in a simple way, owing to 
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the intermediate steps involved in the recombination 
process. Apart from this, however, since we are 
considering concentration changes which are small 
compared to the equilibrium concentration of the 
majority carriers, and the other factors which 
influence the life do not change, we can consider the 
majority concentration as being constant and there- 
fore the same applies for t. The concept “average 
lifetime’ implies that on the average, a number of 
holes, equal to the number present at any given 
moment disappear by recombination within a 
time t. Thus, in the base, }wg(2)/th holes disappear 
per second. For a variation Ag(2), brought about 
by a change of voltage across the emitter junc- 
tion, the loss of holes caused by recombination 
changes by 4wAg(2)/tp. Since the number of gene- 
rations per second is constant (see I), $w4g(2)/th 
is also the change in the difference between the 
number of holes brought in from the emitter per 
second and that led off to the collector. This means 
that: 


Ales -} Ale oe wag(2).- 


Assuming again that the hole concentration in the 
base falls away linearly, we have again: 


Ag(2 
ghee? = qDp 8( ) 
w 
Hence we obtain that: 
lon w 
— —— —-—— 12 
e Hise 2T5,.D (12) 


This formula shows the quantitative effect of the 
base thickness w and the lifetime 1 on the base 
efficiency. 

Since equation (11) is still approximately valid 
when there are not too many recombinations in the 
base, one can find from (9) an approximate formula 
for the current amplification factor a, viz.: 


w 
ae 
T 
a= ep Se el HE 
ee GeDyw 
GpDpLe 


In this equation the applied voltages V. and V. do 
not appear. If we neglect the complication which 
arises because w is somewhat dependent on the 
applied voltage (Early effect), we may then consider 
a as a constant of the transistor. We shall see that 
with this assumption we can easily predict the 


' characteristics of the transistor. 
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It is clear that the diffusion constant and the lifetime of the 
minority charge carriers are related to the diffusion length. 
In fact, 


L=VrD . (14) 


This equation is frequently used in the literature on transistors 

and semi-conductors in general. The constant | cD, which 

plays an important part in the theory, is called the diffusion 

length because of its significance in the one-dimensional case o) 
Substituting from (14), we can write (12) as 


pee ene neg ee (15) 


from which it is seen that the ratio of base thickness to 
diffusion length determines the efficiency of the base. 


Exact calculation of a, B and y for the one-dimensional case 


To calculate a, f and y exactly, one must start from the two 
equations which govern the behaviour of holes in the base. 
The first equation expresses the fact that the increase per 
second of the hole concentration at an arbitrary point is equal 
to the difference in the number of holes which flow in and out 
of unit volume per second, less the difference between the num- 
ber of recombinations and generations per second, i.e. 


og 1ol*  g—G 
Oo q Ox ~ 


(16) 


The second equation expresses the fact that the hole current is 
caused by diffusion: 


Tee Dee ee 17) 


We assume here that all concentration changes take place so 
slowly that at any moment we are dealing with a stationary 
state (i.e. the analysis does not apply to high frequency chang- 
es). Then 0g/0t = 0. Combining this with (16) and (17) gives 


ee eee (18) 


Apart from this differential equation, g must also satisfy 
the boundary conditions determined by the emitter voltage 
and collector voltage (see fig. 6b and eq. 1) in the limiting planes 
of the base !°). 

Solution of (18) gives the hole concentration as a function of 
x and by differentiating with respect to x, also the concentra- 
tion gradient; substituting in (17) gives the hole current I * as 
a function of x. Next, by substituting the values of x for the 
boundary planes 2 and 3 (fig. 6b), we find Ie* and —I,* resp- 
ectively, both as a function of V. and Ve. Differentiating with 
respect to Ve at constant V~ gives AIet and —AI,* after 
which f can be calculated from (7). The result is: 


p —'sech +. gee ees. (19) 


%) The fact that, in the one-dimensional case, VcD is the 
distance in which the deviation from the equilibrium 
concentration changes by a factor e, is derived in I, p. 221. 
A constant 1/b is used there in place of t. The connection 
between b and the lifetime was not mentioned. 

10) Equation (18) was also used for the calculation in I (p. 238) 
of the minority current across a P-N junction. The second 

- boundary condition there was different: the concentration 
had to approach equilibrium values at x — oo. 
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To determine y, we must calculate AI, We {I. (see 
(6)). Ie is found directly by application of (5). Differentiation 
of the result with respect to V. produces AI... We then find 
for y: 
] 
~ CeDalp tanh — 
GpDpLe 1B}: 


The product of (19) and (20) gives a. For small values of 
w/Lp, the equations (19) and (20) reduce to the approximate 
equations (12) and (11) found earlier. 

In practice, the situation is less favourable than would be 
indicated by (20). As we have already said, the diffusion length is 
strongly dependent on the lattice defects and certain impurities 
in the crystal, since the lifetime of the minority charge carriers is 
generally shortened by such disturbances. At the outside sur- 
face, the periodicity of the lattice is completely disrupted 
where the crystal ends. The recombination which occurs here 
sucks holes to the crystal surface. This suction is further 
influenced by the presence of foreign atoms adsorbed on the 
surface, and reinforced because mechanical processes, (grinding, 
scouring and polishing) have often deformed the surface. 
Usually, the recombination at the surface is more important 
than that inside the base. A special etching process is 
used to reduce these deleterious surface effects as much as 
possible. 


The base current 


We have seen how some of the holes injected into 
the base by the emitter disappear as a result of the 
recombination excess, while the remainder flows into 
the collector. There is no flow of holes to or from 
the base contact since, as pointed out carlier, the 
concentration gradient is directed substantially along 
the x-axis and the hole current follows this grad- 
ient. The current of holes could therefore be dealt 
with uni-dimensionally. This is not the case with the 
electron current. An electron current flows into the 
base from the collector and electrons are led off into 
the emitter. These currents are determined by the 
concentration gradients at the junctions in the 
collector and emitter respectively (where the 
electrons are minority carriers), and hence by the 
voltages across the collector and emitter junctions. 
In general, more electrons are led off across the 
emitter junction than flow into the base from the 
collector. Furthermore, electrons are needed to 
compensate for the recombination surplus. A 
continuous supply of electrons via the base contact 
is therefore needed. The current which results is 
called the “base current’”’, J. Since the collector 
electron current is a (constant) saturation current, 
the change in the required supply of electrons which 
accompanies a change in emitter current must come 
entirely from the base current. The role which 
the base current plays is discussed in the next 


section. 


Here too, we have drawn conclusions about the 
majority charge carriers from their known behaviour 
in adjoining regions where they are minority 


carriers. 


Circuit with common base and circuit with common 


emitter; the current amplification factor a’. 


In fig. 7a the circuit shown in fig. 4 is reproduced, 
this time with the usual symbol for a P-N-P 
transistor. The emitter current I, flows through the 
A.C. input source; I, is thus the input current. The 
A.C. input source can also be included in the circuit 
in the manner shown in fig. 7h, the base current I} 
is then the input current. 

The D.C. sources used to bias the transistor, form 
a short circuit to the alternating currents which 
occur in the network. Where the A.C. characteristics 
of the network are concerned, then, we can leave 
these D.C. sources out of consideration. Thus, in 
fig. 7a, the A.C. input source e; and. the load resis- 
tance Rj are both connected directly to the base lead 


Fig. 7. a) Transistor circuit with common base. If the internal 
resistances of the D.C. sources are neglected, then A.C. input 
source e; and load resistance R; are both connected directly 
to the base lead of the transistor. 

The P-N-P transistor is here indicated by the usual symbol. 
The emitter is distinguished from the collector by an arrow; 
the arrow is directed towards the crystal because the D.C. 
flowing to the emitter is in this direction. 

b) Transistor circuit with common emitter. Disregarding 
the D.C. sources, the A.C. input source and the load resistance 
are both directly connected to the emitter lead. 

c) Usual way of drawing a common emitter circuit. The circuit 
is identical with that in (6). 


of the transistor. This method of connection is 
therefore known as “circuit with common base”’, or, 
since the common base is usually grounded, “ground- 
ed base circuit’’. In fig. 7b, neglecting again the D.C. 
sources, the A.C. input source and the load are both 
connected directly to the emitter lead of the 
transistor; this circuit is therefore known as “circuit 
with common emitter” or “grounded emitter”. In 
this case the circuit is usually drawn as shown in 
ign ic. 

For a circuit with common emitter, the current 
amplification is the ratio of the change in collector 
current to that of the base current, and for this 
circuit the current amplification factor a’ is defined 
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analogously to that for the circuit with common 


base, viz: +"): 


(21) 


Taking into account the sign convention for 


current (see fig. 4), we have: 


Aly, = 0. (22) 


Ale + Ale 4 


At constant collector voltage (see eq. 8), Ale = 
— AlI,/a; hence from (22), 


so that 


» (23) 


For a good transistor a is not much less than 1, 
and from (23) it is seen that a’ is therefore much 
greater than 1. A reasonable value ef a is for example 


a = 0.98; then a’ = 49. 


Input and output impedances of transistor circuits 


with common base and common emitter 


Practical importance of input and output impedance 
of an amplifier 

For a given amplifier and a given signal source, 
the aim in principle, is to obtain the maximum trans- 
ference of power from the source to the amplifier and 
from the amplifier to the load. To achieve this, source, 
amplifier and load must be matched. Matching is 
attained when the ratio of the A.C. input voltage to 
the input current of the amplifier (input impedance) 
is equal to the internal resistance of the source of 
the signal, and, at the same time, the ratio of the 
A.C. output voltage to the output current (output 
impedance) is equal to the load resistance. (For 
simplicity we restrict ourselves to the case where all 
the impedances involved can be taken to be pure 
resistances). 

Whether such matching can be achieved in prac- 
tice depends largely on the order of magnitude of the 
input and output impedances. In view of their 
importance in practice, we shall qualitatively 
compare the impedances of transistor circuits with 
common base and with common emitter. 


1) The quantity a’ thus defined is always positive: the addition 
of a minus sign in the defining equation is therefore un- 
necessary, in contrast with the case of the definition of q 
(see eq. 8). 


a 
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Input and output impedances of transistors 


For a transistor, in fact for amplifiers in general, 
it is not possible to quote an input and output 
impedance without further qualification. The input 
impedance depends on the load and the output 
impedance on the internal resistance of the signal 
source connected to the input side, 

The output impedance in a circuit with common 
emitter is lower than with common base. To appreci- 
ate this, we must take into account that the con- 
centrations of the minority charge carriers at the 
collector are not exactly zero, but that these concen- 
trations depend somewhat on the voltage across the 
collector junction. In order to determine the output 
impedance, it is necessary to be able to vary the 
voltage between collector and base; an A.C. source is 
therefore connected between them (fig. 8). It is 


1Q) 
Kon) 
1d 


collector emitter base collector 


collector emitter base 


emitter base 


b d 


86400 


Fig. 8. As a result of the internal impedance of the signal 
source (here, for simplicity, represented as a pure resistance 
R.;) the output impedance of a transistor with grounded base (¢ 
and d is higher, with grounded emitter (e and f ) lower than 
when base and emitter are short-circuited for A.C. (a and b). 
The concentration distributions of the minority charge carriers 
corresponding to each circuit are shown at a moment when the 
voltage across the collector junction is slightly more in the 
reverse direction (broken lines) than that due to the simple 
D.C. bias (full lines). To simplify the diagrams the D.C. sources 
providing the bias are not drawn. 


useful to begin the argument from the hypothetical 
situation represented in fig. 8a: here the signal 
source is assumed to be of zero internal resistance so 
that no voltage variation due to the generator in 
the collector circuit can appear between emitter and 
base. Hence the minority concentrations at the 
emitter remain fixed. Let us suppose that the voltage 
across the collector changes in such a way that the 
minority concentrations at the collector drop a 
little: an increase then occurs in the current across 
the collector (see fig. 8b, in which, for simplicity, 
recombination and generation in the base have been 
neglected). The hole contribution to this increase 
(the hole concentration gradient has increased 
slightly) necessitates an extra current via the 
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emitter circuit; the electron contribution requires an 
extra Both 


currents are so directed that positive charge flows 


current via the base circuit. extra 
towards the crystal. Since the concentration changes 
at the collector are small, the changes in current are 
small, i.e. the output impedance is high. 

In practice, in the circuit with common base, the 
internal resistance Re, of the signal source appears in 
the emitter circuit (fig. 8c). The extra current in the 
emitter circuit causes a voltage drop in this circuit 
which reduces the potential difference between 


The 


emitter thus drop and the increase in the hole 


emitter and_ base. concentrations at the 
concentration gradient in the base is partly com- 
pensated (fig. 8d). The hole current thus alters less 
than was the case in fig. 8b. The change in the 
electron current over the collector junction has 
that the total 


decreased, i.e. the 


remained the same, so collector 


current change has output 
impedance is even higher than with the hypothetical 
short-circuited emitter circuit. 

For a circuit with common emitter, the internal 
resistance of the signal source is in the base circuit 
(fig. 8e). The extra current in the base circuit (due 
to the voltage change across the collector junction) 
results in a voltage drop which serves to increase the 
potential difference between emitter and base, and 
this causes the concentrations at the emitter to rise. 
The original increase in the hole current as a result 
of the fall in concentration at the collector, is thus 
reinforced (fig. 8f). The collector current therefore 
also increases and the output impedance is lower 
than with short-circuited base circuit. 

The emitter 
Hence the whole increase in the collector electron 


electron current also increases. 
current does not have to be carried away via the 
base circuit, for some of it disappears across the 
emitter junction. The voltage across the emitter 
junction changes until the balance between the 
electron transport to and from the base is restored. 

The greater the value of Rg,, i.e.the more difficult 
it is to lead electrons away via Re;, the greater is 
the portion of the electron current which finds its way 
across the emitter. The voltage difference across the 
emitter junction must therefore adjust itself to a 
correspondingly higher value; hence the rise in the 
hole concentration at the emitter, and thus the hole 
current through the base, increase still further. 
This means that as R,, is increased, the output 
impedance decreases. 

We have here a very remarkable situation. The 
current generated in the collector circuit by a source, 
divides itself between two parallel branches, viz. 


the emitter and the base. If Ry; is placed in the 
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emitter branch, the result of an increase in Re; is an 
increase in the effective resistance of the parallel 
combination, as would be expected. However, if he: 
is in the base branch, the effective resistance becomes 
less as Re, becomes greater, which is quite contrary 
to the normal behaviour of parallel resistances. 

The output impedance with common base can 
easily be several megohms in practice; with common 
emitter some ten thousands of ohms is a normal 
value. 

The input impedance of a transistor in a common 
base circuit is considerably lower than that in a 
common emitter circuit (e.g. 25 to 30 © for the for- 
mer and 1200 Q in the latter case). For a given 
alternating input voltage we have to deal in the 
first case with fluctuations of the emitter current, 
which are much larger than those of the base 
current; the latter, however, determine the input 


impedance in the second case. 


Comparison of transistors with thermionic valves 


Transistors and amplifying valves exhibit considerable 
differences in their properties even at audio frequencies. This 
is largely due to the fact that the input and output impedances 
of transistors differ so much from the values usually occurring 
for valves. In a pentode, for example the input and output 
impedances are generally very large with respect to the internal 
resistances that are usual for signal sources and load resistances 
used in practice. In most cases, therefore, the A.C. output ig of 
a pentode is given by ia = Svg, where S represents the mutual 
conductance and vg the e.m.f. of the signal source. The mutual 
conductance thus determines the behaviour of the pentode; 
it makes little difference how large the input and output 
impedances are, provided they be large. 

For a transistor too, the mutual conductance can be found. 
With common base it is 


With common emitter, the same expression applies, but with a 
minus sign, since an increase of the input voltage in the latter 
case means a decrease of the voltage V. across the emitter 
junction. 
Now: 


Ole Ol. Ol. Ol. 
G a Ven (apy. on Ve 5 (5 7) Ve . 


If one assumes that the hole concentration in the base is linear, 
it is possible with the help of fig. 6b and equation (1) to deduce 
an expression for I. as function of V.; by differentiating this 
one finds that for normal biassing of transistors (g(1 )>Ge): 


Ole 
(3 Ve 


Ignoring the sign, the mutual conductance of a transistor is 
thus: 


earls 


Sage 
aki. 

Apart from the direct current (Ie) through the emitter 
junction, S depends only on a. For a good transistor a is almost 
equal to 1, and all transistors have thus the same mutual 
conductance for the same D.C. biassing. For a normal value of 
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I., for example 1 mA, the mutual conductance is 40 mA/V, 
which is much greater than can be achieved with pentodes. 
However, a comparison of a transistor with a tube simply on 
the basis of the mutual conductances is of little value, because 
for a transistor the behaviour is largely governed by the input 
and output impedances. In a circuit with common base, the 
output impedance is very high (as for a pentode), but the input 
impedance is then only a few tens of ohms. The latter, for 
OVe 
(a7, ) Ven 
and this, as we have seen above, is equal to kT/qI-; at room 
temperature and for J, = 1 mA, its value is 25 Q. In the circuit 
with common emitter the input impedance is higher, but the 
output impedance on the other hand is much lower than that 
of the circuit with common base. However, a transistor in the 
circuit with common emitter behaves much more like a valve 
than it does in the circuit with common base. For a very 
large value of a’ (very small base current) the input inpedance 
would be comparable with that of a valve, but the output 
impedance in this case would be very low. 

The behaviour of transistors is clearly more complicated than 
that of valves. Account must be taken of the input and output 
impedances, and this is complicated by the fact that these 
impedances are not dependent solely on the transistor: as point- 


ed out above, the input impedance depends on the load and the 
output impedance on the internal resistance of the signal 


constant V¢, is 


source. 

An obvious advantage of transistors as compared with valves 
is that for amplification of small signals, a small bias is sufficient. 
For small signals, the bias with valves (i.e. anode voltage) 
is always ten or more times greater than the collector-base 
voltage of the transistor, so that the energy dissipation is 
much greater; transistor action is thus more efficient for 
small signals. Furthermore, a transistor needs no filament or 
heater current, an advantage which speaks for itself. 


Transistor characteristics according to the simple 


theory 


A transistor is generally characterized by a set of 
graphs which give the collector current J. as fune- 
tion of the collector voltage V., for various values of 
the input current. The latter is the emitter current 
I, with a common base and the base current ip 
with a common emitter circuit. We are of course 
interested only in that section of the graphs which 
corresponds to a collector voltage in the reverse 
direction and an emitter voltage in the forward 
direction. 


Common base 


If the emitter current is zero (emitter open- 
circuited) a reverse current Iq) (1 for “leakage’’) 
flows through the collector, which for increasing 
reverse potential approaches exponentially to a 


saturation value I.) ( fig. 9a). From the definition 
of a (see eq. 8) it follows, by integration: 


foes Ji—al..! ee (24) 


For a P-N-P transistor, which we have been 
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considering throughout, I, is positive, but I, and 
Ij are negative, like V, (reverse potential). In the 
graph we therefore plot —I, as a function of — Vo 
for the various values of IES 
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Fig. 9. Theoretical characteristics of a transistor: collector 
current I, as function of the collector voltage V. for various 
values of the input current. According to the sign convention 
(fig. 4) V. and I, are negative: —V. and —I, have therefore 
been plotted. 

a) For a transistor with common base circuit. The lowest 
characteristic gives I[,7, the collector current with open- 
circuited emitter. 

b) For a transistor in circuit with common emitter. The para- 
meter here is the base current I}. It should be noted that all 
the values of [, shown are negative. [¢ is the saturation value 
of the collector current I’, with open-circuited base. 


The characteristic for any value of I, is now ob- 
tained by moving the characteristic for I, = 0 up- 
wards by an amount al... 


Common emitter 

If the base current is zero (base open-circuited), 
a current I¢j flows which, for the same collector 
voltage is a factor (1 + a’) larger than the leakage 
current [,j in the case of the common base. This may 
be seen as follows. We have 


I, + Ib + Ic = 0. 
Adding this to (24), we can write 
(1—a) Ie = —Ipy — Ie - 


For open base circuit, I, = 0 and Ip = —IQj so 
that 


From (23) it follows that 1—a= 1/(1 + a’), so 


that 
T@=U+a’)Ig . ~~... (25) 


Ij, also approaches exponentially to a saturation 
value J, at increasing reverse voltage and, follow- 
ing directly from (25) we have 


Ween laetava’), Teg ss <-« (26) 
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From (21) we obtain by integration: 


l. = Ta + a' th: (27) 


For a P-N-P transistor I,, Ij and I, are all 
negative. We therefore plot —J, as a function of 
—V, for the various values of I}. 

The characteristic for any value of —IJIy is 
obtained by shifting the characteristic for I, — 0 
upwards by an amount a’ (—I)) (fig. 9b). 


If the 


common emitter are plotted on the same scale, then, 


characteristics for common base and 


as follows from (25), at the same value of —V, the 
characteristics will have a gradient for common 
emitter which is (1 + a’) times that for common 
base. The gradient of the characteristics represents 
the internal reciprocal resistance of the transistor at 
constant input current, i.e. using a signal source of 
infinite internal resistance. In this case the output 
impedance for common base is thus | + a’ times as 


great as that for common emitter. 


Early effect 


The actual shape of the transistor characteristics differs 
somewhat from the shape deduced above, as a result of the 
Early effect which was mentioned on p. 240. Up till now we have 
assumed that the boundary planes of a P-N junction, e.g. the 
sections / and 2, or 3 and 4 in fig. 6b, had a fixed position in the 
crystal. In reality, the space charge region which exists be- 
tween the two planes (see p. 234) becomes thicker as the volt- 
age in the reverse direction increases. This results principally 
from a shifting of the plane which lies on that side of the P-V 
junction where the specific resistance is greatest. In a transistor 
it is plane 3 which undergoes the largest displacement because 
this plane is situated in the base which, as we have seen, 
usually has a greater specific resistance than the collector. 
With increasing reverse voltage across the collector, section 3 
shifts towards the emitter and the effective base thickness 
decreases. This is known as the Early effect ). This makes a, 
and hence also a’, larger. The transistor characteristics will 
therefore be less flat, and the output impedances at constant 
input current will be smaller, than would be expected from 
the simple theory. At section 2 on the emitter side of the base, 
the same effect occurs. There it is much less important, since 
the voltage variations across the emitter junction are so 
much smaller than those across the collector junction. 

A further important consequence of the Early effect is that 
with increasing collector voltage, i.e. with increasing a, the 
emitter current increases. There is thus a feedback effect of 
the output voltage on theinput current, which is undesirable. 
To limit this effect, it is necessary that the specific resistance 
of the material of the base is not too large. 


P-N-P and N-P-N transistors 


In unfolding the theory, we have always referred 
to P-N-P transistors. For N-P-N transistors — 
where the base is of P-germanium and emitter and 


12) J. M. Early, Effects of space-charge layer widening in 
junction transistors, Proc. I. R. E. 40, 1401-1406, 1953. 


246 PHILIPS TECHNICAL REVIEW 


collector of N-germanium — the theory is complete- 
ly analogous. In principle, the theory can be deve- 
loped without mention of holes and electrons, by 
dealing simply with minority and majority charge 
carriers: the theory then becomes identical for both 
types of transistor. Practical differences in the 
behaviour of the two types are caused by the fact 
that the diffusion constant for electrons is about 


twice that for holes. 


Summary. The action of a junction transistor is based on the 
properties of P-N junctions in a germanium crystal. Such a 
transistor is built up of a P-N junction from “emitter” to “base” 
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followed at a very small distance by an N-P junction from 
“hase” to “collector”. The action is explained, starting from 
the fact that the current at a junction is determined by the 
diffusion currents of the minority charge carriers which can 
easily be calculated at the boundary planes of such a junction. It 
is pointed out that the voltage applied across a junction deter- 
mines the concentrations of the minority charge carriers In the 
boundary planes. At one of the junctions this concentration is 
fixed at zero; a small change of voltage across the other junc- 
tion then results in a strong variation of the concentration 
gradient, and thus of the diffusion current of the minority 
charge carriers, between the two junctions. 

Emitter and base efficiency are discussed and calculated for 
the one-dimensional case; this is also done for the current 
amplification factors for circuits with common base and comm.- 
mon emitter. The difference in the input and output imped- 
ances for these two circuits is explained and the characteristics 
which follow from the theory, are deduced. 


A MACHINE FOR BEND TESTS 


A requirement frequently imposed upon a metal 
is that a specimen of certain form should not crack 
or break when bent through a prescribed angle 
around a mandrel of prescribed diameter. The 
result of a bend test, however, depends upon the 
manner in which the test is carried out, and this is 
not always specified. The consequence may be a 
difference of opinion between supplier and customer 
as to whether the metal satisfies or falls short of the 
specification. 

With a view to overcoming such difficulties the 
Materials Research Group of the Research Labora- 
tory in Eindhoven has developed a special bending 
machine for testing sheet and strip metal (jig. 1). 
By means of a single hand-operation the test speci- 
men can be bent in this machine quite smoothly and 
with the correct radius through any angle between 
0 and 180°. The design is shown in fig. 2. The test 
specimen (4) is held between the clamping piece (1) 
and the mandrel in the form of an interchangeable 
radius plate (3), which is accurately rounded on the 
top edge. The upper face of the clamping piece is 
shaped in such a way as to support the specimen as 
close as possible to the bending point, thus prevent- 
ing unwanted deformation. The bend is effected by 
the thrust block (7), which is moved by the lever 
(9). Three rollers (6) mounted in the thrust block 
ensure that, when the lever is pushed over, the block 
slides along the specimen almost without friction 
so as to exert practically no tensile load upon it. 
This is important, for if there were any appreciable 
tensile load on the specimen it would not be sub- 
jected to a pure bend and premature cracking might 
occur, Allowance can be made for the thickness of 
the specimen by adjusting with wing-nut 8 the 


620.177.3 


position of the thrust block in its groove on the 
which 


with the centre of curvature of the 


lever. The lever 9 turns about an axis 
coincides 
radius plate; this is essential to the correct function- 


ing of the machine. The interchangeable radius 
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Ripeels The newly developed machine for testing sheet or strip 
metal for its bending properties. The test specimen is inserted 
between rollers and a radius plate. At the right can be seen two 
of the interchangable radius plates over which the specimen 
is bent. 

plates are ground in such a way that the centre of 
curvature always lies at the same position in the 
machine. A support bar (2) takes up the horizontal 
component of the force exerted upon the radius 
plate during operation and thus prevents it from 
bending under the strain. When the angle of bend 
exceeds 90° this component reverses direction and 


the clamping piece (1) then takes up the horizontal 
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force. The support bar is then no longer necessary 
and, indeed, it forms an obstruction to caries 
bending. For this reason it is pressed down against 
two springs (12) by the cams (5) on the end of the 
lever (9), whieh bear on both ends of the pin (11) 
when the angle of bend becomes greater than 90° 
(fig. 26). In this way the bend test can be continued 
unhindered up to 180°. The angle of bend can be 
read from one of the cams (5) which is calibrated in 
degrees. Even at an angle as small as 60° to 70°, 
the outside of the bend becomes visible with the 
specimen still in position in the machine. It can thus 
readily be perceived at what angle of bend crack 
formation begins. 

Fig. 3a shows the cross-section of a specimen of 
chrome steel with a tensile strength of approximat- 
ely 65 kg/mm? and a thiekness of 1.9 mm, which 
has been bent through 180° over a diameter of 0.95 
mm. The diameter of the radius plate in this case 
was therefore half the thickness of the specimen. It 
can be seen that, even under such very adverse 
conditions for a bend test as these, the specimen 
nevertheless follows the radius plate quite faithfully. 
Fig. 36 shows that under more favourable conditions 
(mild steel with a tensile strength of 40 kg/mm? and 
a thickness of 1.0 mm, bent over a diameter of 1.20 
mm) the inner profile follows almost exaetly the 
curvature of the radius plate. 

As stated, the machine described serves for testing 
sheet or strip metal, but it is also possible to design 
a machine on the same principles for testing metal 
in wire or bar form. 


MACHINE FOR BEND TESTS 


a b 


Fig. 3. a) Seetion of a test specimen of chrome steel, bent 
through 180° by the machine shown in fig. | (tensile strength of 
specimen approx. 65 kg/mm; specimen thickness d = 1.9 mm; 
diameter of radius plate D = 0.95 mm; thus D/d = 0.5). 

b) Section of a test specimen of mild steel (tensile strength 
approx. 40 kg/mm?; d= 1.0 mm; D = 1.2 mm, and D/d = 1.2). 


In order to make clear why this rather elaborate 
machine has been developed for performing such a 
simple test, some comment sare ¢alled for on the rather 


primitive methods often employed for the bend test. 


Fig. 2. Structural design: 1 clamping piece; 2 


11 pin by which the support bar is depres 


support bar; 3 radius plate; 4 test specimen; 
5 cam, which depresses support bar; 6 rollers, mounted in thrust block 7, which is fixed 
by wing-nut 8 to lever 9; the excentric 10 serves to hold clamping piece against specimen; 


sed against spring 12. a) Machine ready for 


operation after insertion of test specimen; b) after bending through 145°. 
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A method in common use is to secure the test 
specimen together with a mandrel in a vice ( fig.4a) 
and to bend the specimen over the mandrel by hand 
or with a hammer. If the specimen is to follow the 
mandrel closely, the bending force must be applied 
close to the mandrel (fig. 46 and c). The use of a 
hammer is to be deprecated, as it subjects the spec- 
imen to shock-loading of unknown magnitude, 
which may result in premature cracking or breaking. 
What is more, hammering close to the mandrel may 
produce undesirable work hardening of the regions 
subjected to impact. 

If an angle of bend greater than 90° is specified, 
it is necessary, when using this simple method, to 
remove the test specimen at a 90° bend from the 


a 


Fig. 4. Specimen and mandrel clamped together in a vice for a 
primitive bend test (a). If the bending force P is applied near 
to the mandrel, the bend radius follows the curvature of the 
mandrel (b); if P is applied at some distance from the mandrel, 
the bent radius will be too large (c). 


vice, to secure it again in a different way (fig. 5a) 
and then to continue the bend test by tight- 
ening the vice itself. It is now almost impos- 
sible to bend the specimen closely around the 
mandrel, because the bending forces are neces- 
sarily applied at some distance from the mandrel, 
and the mandrel always slides back a little as the 
angle of bend increases. The consequence is a 
sharper bend than specified (fig. 5b). The second 
objection might be overcome by supporting the 
specimen directly beneath the mandrel (fig. 5c), 
but then the metal is no longer subjected to a pure 
bending load. Moreover, the force exerted by the 
support may be so considerable as to cause unwanted 
deformation of the specimen at the bend radius. 
Nor is it possible with this method'to determine the 
point at which cracks begin to form. 


Sg aes 


a b 


Fig. 5. Specimen from fig. 4 arranged in vice for bending through 
angles greater than 90°. The jaws of the vice are moved 
toward each other. a) As in fig. 4c, unwanted bending occurs; 
the mandrel also becomes displaced (b) causing too sharp 
a bend. Supporting the mandrel (c) avoids displacement but 
the specimen is then no longer subjected to a pure bending. 


c 
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If an angle of bend of 180° is specified, a method 
frequently used is to press the test specimen into a 
die by means of a punch with a curvature of the 
prescribed radius. The aperture of the die is then 
equal to the thickness of the punch plus twice the 
thickness of the specimen (fig. 6). In this case an 
unwanted load is exerted upon the specimen by the 
friction occurring between it and the die. This 


} 
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Fig. 6. Bend test employing a die and a radius plate in the 
form of a punch. 


friction can be limited by rounding-off the edges of 
the die and possibly by providing the aperture with 
a taper, but these measures cannot be taken far 
without entailing the drawbacks illustrated by 
fig, 5a and b. The method has no practical value if 
the punch is thin in relation to the test specimen or 
if punch and specimen are both thin. In the first 
case the strains set up in the punch are so great as 
to cause it to collapse. In the second case the 
specimen suffers deformation as a result of the 
shearing forces arising. 

Use is sometimes made of special tools incorporat- 
ing several of the elements of the machine described 
here. The test specimen is secured in a clamp, one 
side of which is given the curvature over which the 
specimen is to be bent, that is to say one clamping 
piece acts as the mandrel ( fig. 7). The metal is bent 


Fig. 7. Bend test employing special tools. The axis of rotation 
of thrust block J coincides with the centre of curvature M of 
the curved member over which the specimen is bent. 


over this surface by means of a thrust block attached 
to an arm, whose axis of rotation coincides with the 
centre of curvature of the mandrel. With this arran- 
gement, however, the specimen cannot be bent 
through more than about 110° (depending upon the 
requisite strength of the mandrel). Moreover a 
tensile load is exerted by the thrust block as it 
moves over the face of the specimen. These draw- 
backs have been substantially eliminated in the 
apparatus described here. 


M. J. W. GEENEN. 
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THE “NORELCO” COUNTING-RATE COMPUTER 


by E. A. HAMACHER }{*) and K. LOWITZSCH *). 


621.317.79 :621.374.32 :548.734. 


Analogue computers have acquired considerable importance in many fields. The computer 


described in this article is very sumple with regard to the underlying mathematics. It may be 


regarded as a useful example to illustrate some of the mechanical and electrical intricacies 
involved, when a high accuracy is asked of this type of instrument. 


Introduction 


In X-ray diffractometry with the “Norelco” 
equipment ') the counting-rate computer is used 
for the measurement and the automatic recording 
of the diffracted X-ray intensity vs. Bragg angle 
according to the fixed count method. As was 
explained in a former article 2) this method consists 
in measuring the time t necessary to accumulate 
a predetermined number of counts N, whereupon 
the counting rate n (which is proportional to the 
intensity of the radiation entering the detector) is 
computed from the formula 


TEIN bas ies (1) 


The fixed count method has the advantage that each 
intensity value in a pattern has the same statistical 
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Fig. 1. Chassis and front panel of the “Norelco” counting-rate 
computer. This unit is placed in the electronic circuits rack of 
the diffractometer. The computer output can either be fed 
to the recorder or be read on the meter at the upper right. 
At the upper left a register is mounted which is not used for 
the computer but only in manual fixed count measurements 


(cf. II). 


*) Philips Laboratories, Irvington-on-Hudson, N.Y., UESTAG 

1) W. Parrish, E. A. Hamacher and K. Lowitzsch, The 
“Norelco” X-ray diffractometer, Philips tech. Rev. 16, 
123-133, 1954/1955 (No. 4). This article is hereafter referred 

as I. 

=) W. Parrish, X-ray intensity. measurements with counter 
tubes, Philips tech. Rev. 17, 206-221 1955/56 (No.7-8). This 
article is hereafter referred to as II. 


relative error (expressed, for example, by the 
“probable” relative error é;,, cf. IT). 

Several counting-rate recorders for automatic 
fixed count measurements have been developed *). 
In these instruments, however, counting rates n are 
recorded on an inverse scale in one case and on an 
approximately logarithmic scale in another. The 
basic idea of the “Norelco” counting-rate computer 
was to obtain a recording of n on a linear scale by 
automatic evaluation of eq. (1). 

The computer, which is mounted in the electronic 
circuits and recorder rack of the “Norelco” diffracto- 


meter, is shown in fig. 1. 


Principle of the computer 


The analogue to equation (1) which is used as 
the basis of the computer, is Ohm’s law: 


GRE R Attic ose AON 


The sliding contact of a slide-wire resistor is moved 
by a synchronous motor, so that the resistance R 
of the used portion of wire will increase with time 


at a constant selectable rate k: 


ig ATOR oe (3) 


The current I flowing in the resistor when a fixed 
voltage E is applied to it will gradually decrease. 
When the time t in eq. (3) is made equal to that in 
(1), the current I evidently will be proportional to 
the counting rate n, and therefore may be directly 
fed to the strip-chart recorder to give the desired 
linear recording. 

To make use of the analogue for the diffractometer, 
thus amounts to the following procedure. At a given 
Bragg angle position of the detector, the movement 
of the contact on the slide-wire is automatically 


3) S. W. Lichtman, E. T. Byram and H. Friedman, Strip 
chart recording with an autoscaler, Electronics 23, April 
1950, page 122. Another instrument was designed by the 
Berkeley Scientific Corp., Richmond, Calif. 
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started when counting begins, i.e. when the scaling 
circuits of the diffractometer are put into operation 
(cf. II, fig. 12). The movement is stopped and a 
fixed voltage is applied to the slide-wire when the 
predetermined number of counts has been accumul- 
ated, i.e. after one revolution of the mechanical 
register of the diffractometer has been completed 
(the accumulated number of counts N is then 100 x 
the selected scaling factor, thus 100, 200, .. ., 12800 
or 25600). The current now flowing in the slide-wire 
is recorded on the strip chart. After a measurement 
has been made and recorded, the sliding contact is 
reset to its initial position, the detector is moved by 
the goniometer to the next Bragg angle position and 
the operation is repeated. A continuous trace 
consisting of steps of equal width is thus obtained; 
see fig. 2. 
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Fig. 2. Chart of diffraction pattern recorded by the “Norelco” 
counting-rate eomputer. The Bragg angle steps in this instance 
are 0.02°(2@); the statistical error ¢;) of each point is 0.8%. 
This recording took about 3 hours of completely automatic 
operation. 


In order to understand the conditions involved 
in using the analogue, it is important first to consider 
the limiting case of the measurements. 

Let the speed of the sliding contact, i.e. the rate 
k of increase of R, be given. The distance the sliding 
contact has travelled when N counts have been 
accumulated, will be larger the smaller the intensity 
(counting rate n) which is being measured. In fact, 


from eq. (1) and (3) it follows that 


N 
Re a ins 


n 


VOL Now? 


The minimum measurable counting rate, nmin, will 
be that for which the whole length of wire, R= Rmax, 


is used; the corresponding time will be largest: 


N Nk 


= (5) 


Mmin — 

max 
On the other hand, in order to protect the recorder, 
the current fed to it must not exceed a certain 
permissible value, Imax. The maximum recordable 
counting rate, Nmax, Will be the one for which the 
fixed number of counts N is accumulated in such a 
short time (tmin) that the used portion of the slide- 
wire will just have attained the minimum resistance 
value, Rmin, required to keep the current to Imax. 


Thus: 


Nk — NkImax 
Nmax = Ree = E ° 


(6) 


From (5) and (6) it is seen that the ratio 


Tmax Rmax 


Mmin E 
is a design constant and does not depend on the 
values of k and N. In the actual instrument 
Mmax /Mmin = 118. 

It should, of course, be possible to adjust the 
range (Mmax) of the instrument, and this is readily 
done by varying k, the speed of the sliding contact: 
with increased k, the total resistance of the slide 
wire, Rmax, according to eq.(5) will correspond to 
a higher counting rate nmin. Owing to the constant 
ratio Mmax/Nmin, the range nmax will then be higher, 
too. 


If N is increased in order to improve the accuracy of the 
measurements (i.e. to reduce the statistical error in counting, 
cf. IL), mmax and nmin are increased (see eqs. 5 and 6). It will 
then be necessary to decrease k in the same proportion if the 
range (nmax) is to be kept constant. 


It was stated above that the resistance of the 
slide-wire must have attained a certain minimum 
value, Rmin, before the voltage FE can be applied to 
it and the current flowing through it can be fed to 
the recorder. A way to ensure this would be to 
enforce a minimum time, tmin, during which counting 
must be effected and the sliding contact moved on 
the wire. Since however no intermediate positions of 
the contact in this part of its travel would ever be 
used, it is simpler to substitute a resistor with fixed 
resistance Ryin for this part of the slide-wire. The 
sliding contact (or rather its driving mechanism) 
whose movement is started together with the 
counting, should then travel a distance A = Rmin/R, 
before it reaches the slide-wire and starts to move 


MARCH 1956 


on it; R, denotes the resistance per unit length of the 
wire. It will be noted that the “pre-travel” A is not 
affected by a change of k, whereas the time fan 
necessary for traversing it Cleatl vais itmnin —— Tynial ie 


(One x3 ) 


Mechanical design of the computer 


In the actual instrument, a 15 turn helical slide- 
wire (“Helipot”) is used, along which the sliding 
contact is moved at a constant angular speed. 
Fig. 3 shows a schematic drawing of the complete 
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Fig. 3. Simplified drawing of the mechanical assembly. The 
electric motor M runs continuously, driving the gears G, and 
G,, idling on shaft A in opposite directions. Shaft A carrying 
the double-face clutch drum C can be coupled either to G, or 
G, by the action of solenoids S, and S,. H is the helical slide- 
wire resistor (“Helipot”’), whose shaft A’ is driven by A via an 
angular pre-travel device D; B friction brake, M, motor for the 
retractable contact mechanism (see fig. 5). P positioning device 
with limit switches L,, L, actuated by arm p. Gy exchangeable 
range gears controlling the speed of movement of the sliding 
contact of H during the counting interval. 


mechanical assembly. The 60 r.p.m. synchronous 
motor M turns continuously and drives the gears 
G, and G, idling on shaft A in opposite directions. 
The “Helipot”” H can be coupled to either of these 
gears by means of the double friction clutch assem- 
bly C actuated by solenoids S, and S, respectively. 
Gear G, is used to reset the slide-wire contact to its 
starting position after each measurement; it turns at 
a constant speed of 4 rev/sec so that the resetting 
will take 30 seconds if the complete length of the 
15-turn “Helipot” was used (nmin). Gear G, is used 
to drive the slide-wire contact during the counting 
period; it can turn at different speeds, dependent on 
the selected range gears Gz, providing for different 


rates of change (k) of the resistance. Three pairs of 


range-gears are available for the computer, permit- 
ting the selection of five gear ratios and, hence, five 
ranges; for a scaling factor of 256 (N = 25 600) these 


“NORELCO” COUNTING-RATE COMPUTER 
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correspond to nmax = 200, 400, 800, 1600 and 3200 
counts/sec. 

Gear G, is coupled to the shaft 4 by the clutch at 
the moment when counting is started. Shaft 4, how- 
ever, will entrain the “Helipot” shaft 4’ only after 
it has rotated through a certain constant angle a, 
owing to the interposed angular pre-travel device D. 
The pre-travel angle a is the equivalent of the 
distance A introduced at the end of the preceding 
section. 

The interposition of the pre-travel device has a 
curious consequence. In resetting the slide-wire con- 
tact, the resetting movement must be stopped by de- 
energizing the solenoid S, at the exact moment the 
contact has reached its initial position. It would 
seem natural to ensure this by arranging for a limit 
switch to be operated by the contact itself. Provision 
must be made, however, for the possibility of the 
counting rate being so high that in the counting 
operation the solenoid S, is de-energized and the shaft 
A uncoupled before the pre-travel angle has been 
traversed. The sliding contact has then not moved at 
all (the recorded intensity remaining at the top of the 
range) the and the limits witch could not be operated. 
Thus, no resetting of the shaft A would occur and in 
the following counting operation the pre-travel 
angle would be smaller than the required value. 

For this reason — and for other reasons which 
cannot be discussed here 


a separate positioning 
device P is provided which is rigidly and permanent- 
ly coupled to shaft A by a pair of gears, see fig. 3. 
The arm p of this device describes a helical path 
exactly similar to that of the sliding contact of the 
“Helipot”, except for the fact that it is longer by an 
angle a (distance A). On resetting the “Helipot”’, 
the arm p finally comes to rest on a stop assuring the 
accurate starting position. When touching the stop, 
the arm actuates a switch which disengages the reset 
clutch. In order to prevent the arm from recoiling 
from the stop, the switch turns on a time delay relay 
arranged to keep the reset clutch closed for about 
another !/, sec: the clutch slips momentarily and the 
recoil energy is absorbed by the clutch and the motor 
M. The arm is then kept at the stop by a spring. 
Immediately after resetting, the “Helipot” is 
ready for another measurement (see below). How- 
ever, the synchronous motor M will have dropped 
back in phase a little bit (about 1/,; of a cycle) owing 
to the extra load caused by the slipping clutch, and 
this would endanger the exact synchronism between 
counting time and rotating time of the “Helipot”’ 
(eq. 1 and 3). The limit switch of the positioning 
device therefore operates another time delay relay 
which prevents the starting of another counting 


period for about | sec, by which time the motor 
will have caught up. 

Throughout the resetting operation, the pin in the 
angular pre-travel device remains in contact with 
the driving member, and it is prevented by a friction 
brake B from leaving it when the resetting is com- 
pleted. Thus the shaft A always has to travel through 
the complete pre-travel angle before starting the 
forward movement of the “Helipot”’. 

A limit switch at the far end of the positioning 
device prevents the sliding contact of the “Helipot” 
from overshooting its limiting position at counting 
rates lower than nmin. 

Besides controlling the counting operation and 
resetting, starting and stopping the “Helipot” at 
the correct moments with respect to the beginning 
and the end of a counting interval, the computer 
performs several other operations after the counting 
is completed: it feeds the final “Helipot” current to 
the recorder, at the same time it energizes the chart 
drive of the recorder to advance the chart a fixed 
increment and it advances the detector tube arm 
of the goniometer a preset 20-increment (cf. I). It 
then switches off the “Helipot” current and the 
recorder chart motor and energizes the reset 
solenoid. All these switching operations are con- 
trolled by means of a multiple-deck motor-driven 
cam switch (cycling switch), which can be seen in 
fig. 4 and which completes one cycle in 60 sec 
(recycling time, which is the lower limit for the 
duration of a single measurement). 


« 
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Fig. 4. Computer chassis. A number of elements shown in 
fig. 3 are visible; the lettering is identical to that of fig. 3. To 
the extreme left is a multiple-deck motor-driven cam switch S 
which controls each cycle of the operation of the computer. 
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Reproducibility of measurements 

A number of precautions to ensure reproducible 
measurements have already been mentioned in the 
preceding section. They are aimed at maintaining 
the exact value of the pre-travel angle a and at 
making the time intervals t in eq. (1) and (3) strictly 
identical. 

To conform with the latter condition, reliable 
operation of the friction clutch assembly, with a 
minimum and constant time lag between the 
energizing of the solenoids and the movement of 
shaft A, is of crucial importance. This was obtained 
by a careful construction of the linkage between the 
solenoids and the clutch faces. These faces are 
simply formed by the sides of the gears facing the 
drum. During axial movement of the gears, the teeth 
of the gears act as splines. Solenoid armatures and 
other moving parts are made as light as possible. The 
drum is faced on each end with a “‘Neoprene’’-cork 
composition to assure positive driving action and 
a very rapid release. For the same reason the 
clearance is reduced to about 1/,,’’ (0.4 mm); the 
motion is little more than enough to release the 
pressure. The shaft 4-on which the drum is fastened 
must, of course, have no noticeable end play. 

Backlash in the gears should be very small, lest 
the slight shock from the solenoids should cause 
erratic operation. On the other hand, the gears must 
not be meshed too tightly causing them to move 
non-uniformly. A total backlash of about 0.12° is 
permitted, since the helical slide-wire is made up of 
a coiled resistance wire, so that the resistance 
changes in small but finite steps; each turn of the 
wire (having a resistance of 3 ohms) corresponds to 
about 0.003”, which, on a 3” helix diameter, 
represents 0.12°. 

Another important design detail affecting the 
reproducibility of the measurements is the sliding 
contact of the “Helipot”’. Although the contact and 
brush assembly normally supplied in the “Helipot’”’ 
is satisfactory for many purposes, it was found to be 
too erratic for our application, especially in record- 
ing counting rates near the top of the selected range. 
In fact, our value of Rmin, the fixed resistance in 
series with the slide-wire, is 869 ohms and the 15 
turns of the slide-wire have a resistance of 6780 
ohms each, so that the first turn of the helix will 
cover the large range from nmax (= Nk/869, eq. 4) 
to 12.8% of nmax (viz. Nk/(869 + 6780)). In 
this large range one simple coil step (3 ohms) of the 
slide-wire near the top corresponds to a change of 
0.34°,. It is therefore important to record the current 
at the exact position of the sliding contact, which 
should not be off by more than one coil step, i.e. 
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0.003" (0.08 mm). Now, the contact will pass the 
first part of the slide-wire twice in every single 
measurement so that excessive wear of this part, 
which should have the most precisely constant 


resistance value per unit of length, is a real danger. 


Fig. 5. Retractable contact assembly developed for the “Heli- 
pot”. The helical slide-wire W is secured to the inner wall of 
stationary cylinder H. The hollow shaft A’ rotating within this 
cylinder, carrying the arms a, and a, and tie-rod b, is entrained 
by the main shaft A of the computer as indicated in fig. 3. The 
“Bakelite” guides g, gliding between adjacent windings of the 
slide-wire, cause the contact brush holder c to traverse rod b 
and thus to describe a helical path parallel to the winding. The 
contact will touch the wire, however, only when the contact 
holder is slightly rotated on the tie-rod in the direction of the 
arrow. Such a rotation can be brought about by a slight 
rotation of sleeve s carrying tie-rod e secured by arms d, and 
d,. Shaft A’ and sleeve s each have a slot, sl, and sl, respective- 
ly. A pin f engaging both slots locks shaft and sleeve so that they 
rotate together with a certain “phase angle” between the rods 
b and e which depends on the position of the pin, since slot sl, 
is inclined with respect to sl,. The pin fis carried by the auxili- 
ary shaft h, rotating with shaft A’ and sleeve s. The relative 
angular position of tie-rods b and e is thus controlled by the 
axial position of the shaft h; a movement in the direction of the 
arrow causes the necessary relative rotation of sleeve s to lower 
the contact onto the slide-wire. During such a movement, 
shaft A’ remains stationary owing to the friction brake B of 
fig. 3. The axial movement of shaft h is effected by a small 
electric motor (M, in fig. 3) controlled by the cycling switch 
mentioned in the text (S in fig. 4). 


For these reasons the contact shoe and brush 
assembly of the “Helipot were modified in such a 
manner that the contact is lifted away from the 
wire whenever the shoe is in motion *). When it is 
required to record the result of a measurement the 
contact is brought down on the wire automatically 
but only just long enough to complete the recording. 


4) E. A. Hamacher and K. Lowitzsch, U.S. Patent No. 
2 658 131, Nov. 3, 1953. 


“NORELCO” COUNTING-RATE COMPUTER 
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A cut-away view of the “Helipot” showing the inside 
construction with this retractable contact mechan- 
ism is given in fig. 5. The contact is lifted by means 
of a small motor (M, in fig. 3) which is controlled by 
the cycling switch and provides smooth reproduci- 
ble action. The friction brake mentioned earlier 
(B in fig. 3) keeps the “Helipot” shaft from rotating 
while the contact is being actuated. 


Performance 


The over-all degree of reproducibility obtained is 
illustrated by fig. 6. The right hand part shows a 
recording made with the power line frequency of 
60 c/s with rate k and scale factor chosen to make 
the full scale 100 counts/sec. There are a few steps in 
the line but it should be remembered that the 


reproducibility of the scaling circuit and associated 
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Fig. 6. In order to demonstrate the degree of reproducibility 
obtained, a recording of a constant counting rate (power line 
frequency of 60 c/s) is made. At a full scale range of 100 counts/ 
sec (right-hand line), the recording shows a few steps. At a 
larger full scale range, say of 200 counts/sec (left-hand line), 


no steps appear, owing to the fact that for a counting rate of 


60 c/s a larger part of the slide-wire is now used, so that the 
discrete turns of the coiled slide-wire, which determine the 
smallest detectable difference in counting rate, have less 
effect. 


to 
Sal 


circuits and relays are also included in the test. 
Because of the smaller relative influence of the 
discrete turns of the coiled slide-wire at the lower 
portions of the scale (see above), the reproducibility 
is even better there: no steps appear in a recording 
of the 60 c/s frequency at 200 counts/sec full scale 
(fig. 6, left). 

It will be evident from the 
principle of the computer that deviations from the 
desired linear relationship between the recorded 
current and the counting rate will occur when the 
fixed resistance Ryin and the pre-travel A (or pre- 
travel angle a) are not adjusted exactly to their 
(interrelated) theoretical values. Another cause of 
non-linearity is due to Rj, the resistance of the slide- 
wire per unit length, not being strictly uniform 
throughout. The specified tolerance for the commer- 
cially available 15 turn “Helipot”’ is 0.1%, i.e. 100 
ohms out of a total of about 100 000 ohms. If this 
total deviation were to occur in the first turn, 
covering the range from 12°% to full scale, a maxi- 
mum departure of 1.5°, from linearity would be 


section on the 


found in the response of the computer in this range. 
Actual experience shows that the maximum depart- 
ure is always less than 1°%,. Because of the import- 
ance of the first turn of the “Helipot”, the average 
value of R] in this part should be used for the calcu- 
lation of the pre-travel A = Rypin/Ri. 


Application of the Cooke-Yarborough method to the computer 


The fixed count method will require very long counting times 
for low counting rates. Although this is a logical consequence 
of the condition of constant statistical relative error for all 
intensities, a compromise between accuracy and time consump- 
tion will often be desirable. As was explained in article IJ, a 
good compromise can be obtained by adding pulses of a constant 
controlled rate, produced by a separate pulse-generator, to the 
random pulses coming from the detector tube (Cooke-Yar- 
borough method). Provisions have been made for using this 
method with the counting-rate computer. The changes required 
are quite simple and may be outlined as follows: 

Summarizing the basic idea of the computer we may say 
that a counting rate n will give rise to a proportional current I; 
Mmax and Imax constitute the limiting case. Owing to this 
proportionality, a constant counting rate f added to n will give 
rise to a constant additional current If = If/n = Imax f/nmax. 
If, therefore, we subtract this constant current Jy from Imax, 
the remaining current will again be proportional to n and can 
be recorded as such. The only difference from the normal 
procedure will be that the uppermost part of the scale on the 
chart, viz. from nmax down to nmax (1 —f/nmax), is not used. 

In order to make the used part of the scale the same for all 
selected ranges mmax (giving an identical calibration of 0-100 
for this part for all ranges), it is necessary to make f/nmax a 
constant fraction. In the present instrument this fraction is 
made equal to 0.075: this permits the generator of the added 


PHILIPS TECHNICAL REVIEW 


VOLE Lie Nom9 


pulses to be synchronized with the power line for mmax = 
800 counts/sec, since f will then be equal to 60 c/s. For other 
possible values of mmax, f will be equal to harmonics or sub- 
harmonics of 60 c/s. The gain in time for low counting rates is 
quite consid erable with these added pulse rates, while the 
statistical relative error is not prohibitively increased. This 
was illustrated by fig. 15 and 16 in article I. 


Counting-rate 
computer 


Recording 
Counter instrument 


fie Amplifier Scaler” 
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Fig. 7. Block diagram showing the provisions made for the 
application of the Cooke-Yarborough method to the computer. 
The pulse generator Y is connected to the input of the scaling 
circuits in parallel to the detector. At the same time a resistor 
R carrying a constant current (adjusted once and for all by 
means of a rheostat R,) is connected in series with the resistor 
R through which the output current of the computer is fed. 
The voltage across R + Ry is fed to the recorder. 


The conversion from normal operation of the computer to 
Cooke-Yarborough operation involves simply throwing a 
switch. The output of the pulse generator is thereby connected 
to the negative input terminal of the scaling circuits, in parallel 
with the pulses from the detector tube, and at the same time a 
circuit effecting the subtraction of current [y = 0.075 x Imax 
from the computer output current is switched on. This is 
shown in the block diagram fig. 7. 


Summary. In measuring radiation intensities by counting 
quanta, the statistical relative error is reduced to a predeter- 
mined value by accumulating a fixed number of counts, JV. 
The necessary time t is measured and the counting rate (which 
is proportional to the intensity) computed from n= N/t. 
Application of this method with the “Norelco”’ X-ray diffracto- 
meter for measuring diffracted intensities at narrow-spaced 
diffraction angle positions (which may involve many hundreds 
of measurements) is bound to make excessive demands in the 
operator’s time, unless the process can be made automatic. 
This has been achieved by the development of a computer, 
evaluating n from the above equation by means of an analogue 
and recording it on a strip chart with a linear scale. The 
analogue used is Ohm’s law: the contact of a slide-wire is moved 
at a constant rate for the time t necessary to accumulate a 
pre-set number of counts N; at the end of this time, a fixed 
voltage is applied across the slide-wire and the current which 
flows is fed to the recorder. The range can be adjusted by 
changing the speed of movement of the contact. In the 
mechanical design, many precautions were necessary to ensure 
reproducible operation: the double clutch drive for operating 
and resetting the sliding contact is designed to start and stop 
the movement at the exact moments required; a device is 
incorporated for resetting the contact to its precise starting 
position; in addition, a special retracting mechanism for the 
contact is incorporated to prevent excessive wear of the slide- 
wire. Reproducibility to within one turn of the coiled slide-wire 
is obtained, which corresponds to an accuracy of 0.349% at the 
upper end and much better accuracy at the middle and lower 
parts of the scale. Provisions are also made for applying the 
Cooke-Yarborough modification of the fixed count method 

with the “Norelco’”’ computer. 
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AN ELECTRICAL CLINICAL THERMOMETER 


Mercury clinical thermometers require a period of 
the order of 3 to 10 minutes before a reliable reading 
can be taken. There are types available of reduced 
size, which permit the reading time to be brought 
down to | minute. This reduction in size, however, 
makes reading as well as “shaking down” more 
difficult. 

The long reading time is caused not only by the 
high thermal resistance between the body tissue and 
the mercury, but also by the considerable heat 
capacity of the thermometer. This heat capacity 
causes the tissue in contact with the thermometer 
to drop in temperature. It takes a considerable time 
for the temperature to be restored by the blood 
circulation. 

The above disadvantages are almost entirely 
overcome in the electrical resistance thermometer !) 
shown in fig. 1, which has a reading time of only 
13 seconds. The thermometer consists of a probe 
connected by a flex to a small meter easily held in 
the hand. The temperature-sensitive element in the 
probe is a ceramic semi-conducting material with a 
high negative temperature coefficient of resistance ”) 
(NTC resistor). 

The body of the resistor is oval in shape; the 
longitudinal axis is approximately | mm long and 
the diameter is approximately 0.4 mm. Two connect- 


oes 


Fig. 1. Left, the electrical clinical thermometer, consisting of 
a probe and an indicating instrument, connected by a flex. 
The button visible on the right of the instrument is pressed in 
order to take a reading. The reading may be taken about 13 
seconds after insertion of the probe. Right, the model for skin 


thermometry. 


1) The thermometers discussed in this article are at present 
used only for experimental purposes and are not generally 
available. 

2) E. J. W. Verwey, P. W. Haayman and F. C. Romeyn, 

- Semi-conductors with a high negative temperature coeffi- 
cient of resistance, Philips tech. Rev. 9, 239-248, 1947/48. 


621.317.39 :536.531 :616-073.65 


ing wires are baked into the body of the resistance 
parallel to the longitudinal axis. The resistance 
measured between these two wires is a measure of 
the temperature. The outside of the NTC resistor is 
glazed to protect it from the influence of the 
atmosphere; this makes these resistors very stable, 
a matter of primary importance for the end in view. 
By a careful choice of composition and treatment 
of this ceramic material, its resistance at room 


temperature can be varied within wide limits. 
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Fig. 2. 
clinical thermometer. J silver “bulb’’, a closed tube of the same 
form and dimensions as the bulb of a mercury clinical thermo- 


a) Longitudinal cross-section of the probe of the 


meter. 2 small silver cylinder soldered to the interior of the 
bulb and containing the NTC resistor. 3 hollow holder of 
nylon. 4 and 5 connecting wires. 

b) Transverse cross-section of the bulb at the position of the 
small cylinder 2. 6 is the NTC resistor. 

c) Longitudinal cross-section of the silver cylinder 2. 6 NTC 
resistor, 7 “Araldite” bonding resin. 8 thick wire of pure 
platinum, both ends being soldered to the lips provided on the 
cylinder 2. 9 thin wire of platinum-iridium. 


The end of the probe (fig. 2) consists of a small 
silver tube whose external dimensions are the same as 
those of the mercury bulb of anormal clinical thermo- 
meter. A small silver cylinder is soldered against the 
inner wall of this “bulb” and the closely fitting NTC 
resistor is cemented in it with “Araldite”. There is no 
electrical contact between the cylinder and the out- 
side of the NTC resistor but there is a good thermal 
contact; heat absorbed through the “bulb” from the 
body tissue is thus transferred to the NTC resistor 
via the circumference of the inner silver cylinder. 
In addition to this, the heat can flow directly into 
the interior of the NTC resistor via one of the 
wires (8 in fig. 2c), which is therefore made com- 
paratively thick (100 ) and of pure platinum (like 
silver, an excellent conductor of heat). Both ends 
of this wire are soldered to the small lips on the 
cylinder surrounding the NTC resistor. 

Clearly a current must flow through the NTC 
resistor in order that the measurement may be 
carried out. Owing to the good thermal contact 
between the NTC resistor and the silver “bulb”, the 
heat generated in the former by this measuring 
current is rapidly distributed over the latter. This 
is most important: the heat generated causes a 
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rise in temperature in the NTC resistor and conse- 
quently an error in measurement, which may be 
considerable unless the heat is rapidly dispersed. 
Tests have shown that in maintaining this error 
below an acceptable value, more heat may be 
dissipated in the NTC resistor with a thermometer 
of this construction then when the resistor is encased 
in a glass tube. This means that a higher current may 
be used, which makes the instrument more sensitive. 
The maximum permissible energy dissipation in the 
NTC resistor with the present design is 0.25 mW. 

In order that the temperature of the object being 
measured shall be affected as little as possible by the 
measurement, conduction of heat from the object 
via the probe to the surroundings must be as small 
as possible. With this in mind, the holder to which 
the silver bulb is attached is made of nylon, which 
is a good heat insulator (much better than glass, for 
example). In addition, the surface of the bulb in 
contact with the nylon holder is made small with 
respect to the surface in contact with the body. 
Loss of heat via the copper connecting wires which 
link the NTC resistor to the meter is kept low by 
making these wires very thin. The error caused by 
heat loss via the probe and the error caused by heat 
generation in the NTC resistor as a result of the 
measuring current are opposed to each other and 
‘tend to cancel each other. 

Yet a third source of error should be taken into 
consideration: this is operative even when the total 
dissipation of heat via the probe is so small that it 
does not noticeably affect the body temperature 
being measured. The silver bulb then has exactly 
the right temperature. Now the heat conducted 
away by the connecting lead 5 (fig. 2c) has to pass 
through the NTC resistor itself. Owing to the 
considerable thermal resistance of the latter, a 
temperature drop is set up across it, which leads to 
an error in measurement. This error can be reduced 
by increasing the thermal resistance of the conduc- 
tion path beyond the NTC resistor. With this in 
mind, the wire 9 is very thin and is made of platinum- 
iridium whose thermal conductivity is about 4/, that 
of pure platinum. When these measures are taken, 
the heat resistance per cm length of the thin wire 9 
is about 25 times as great as that of the thick wire 
8. Heat conduction along connecting wire 4 which 
is soldered to the small silver cylinder 2 (and thus 
electrically connected to wire 8) and heat losses 
through the holder both bypass the NTC resistor, 
and do not therefore contribute errors of this nature. 

The NTC resistor forms one of the branches of a 
Wheatstone bridge. The connecting leads run 
through the hollow holder and are joined via a flex 
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to the measuring instrument which contains the 
other three resistance branches, the indicating meter 
and the supply battery. The bridge is not balanced 
for each reading, i.e. the instrument is not operated 
on the null principle: this would take up too much 
time. Instead, the resistances are so chosen that 
there is no current flowing through the meter (i.e. the 
bridge is in balance) when the temperature of the 
NTC resistor corresponds to the lowest value shown 
on the scale (35 °C). At higher temperatures the 
meter shows a deflection due to the out-of-balance 
current then flowing. The current flowing at temper- 
ratures lower than 35 °C causes the needle to 
deflect against a stop. 

The battery is connected only during a measure- 
ment, by depressing a spring-button (fig. 1). Since 
the instrument can conveniently be read with the 
probe actually in position and almost immediately 
after its insertion, it is unnecessary to provide a 
maximum-reading device in the meter. 

The meter is calibrated in °C, and its range runs 
from 35 to 42 °C, with a scale length of 3 cm. 

The sensitivity of the meter circuit, i.e. the de- 
flection of the meter per °C temperature variation 
in the NTC, depends upon the terminal voltage of 
the battery, which must necessarily be very stable 
in order to maintain a constant calibration. The 
mercury-oxide cell used meets this requirement 
provided that it is used only intermittently and 
briefly — as is the case for such temperature 
measurements — and provided that only a small 
current drain is involved *). The instrument includes 
a provision for a simple check on the battery voltage. 
With the voltage supplied by this type of cell 
(1.34 V), and the above-mentioned maximum per- 
missible dissipation in the NTC resistor (0.25 mW) the 
values for the bridge-resistances are chosen so as to 
give maximum bridge sensitivity, i.e. maximum 
meter deflection per °C. Under these conditions, the 
NTC resistor has a value of the order of 1000 Q and 
the total current drawn from the battery is small 
enough to be provided by a mercury-oxide cell of 
the smallest obtainable type. The indicating instru- 
ment is a moving-coil meter with a phosphor-bronze 
strip suspension; this gives a very rugged instrument 
which can withstand the shocks that a hand instru- 
ment may be expected to suffer. The temperature 
can be easily read to 0.1 °C which is the accuracy 
laid down in English and American standards. 

In some cases it is important for the physician to 
be able to measure the temperature of the skin, 
e.g. in cases of disturbed blood-circulation conditions. 


3) See, for example, G. W. Vinal, Primary batteries, J. Wiley, 
New York 1950. 
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For this application (measuring range 15 to 42 °C) it 
was necessary to change the form of the sensitive 
element to that shown in fig. 3. The skin thermometer 
is also shown in the photograph of fig. 1. With this 
larger measuring range, the fact that the resistance 


of the NTC resistor is not a linear function of the 


Fig. 3. Cross-section of the sen- 
sitive element of a skin thermo- 
meter. The element is designed 
so as to give good thermal 
contact with the skin. The num- 
bers in the diagram have the 
same significance as in fig. 2. 
The components J and 2, how- 
ever, are now turned as a single 
piece from a rod of silver. 


temperature becomes important; the resistance 
variation per degree temperature change decreases 
rapidly as the temperature rises (fig. 4). Fortunate- 
ly, however, the sensitivity of the bridge for resist- 
ance variations of the NTC resistor increases with 
the increasing deviation from equilibrium of the 
bridge. A closer analysis of the properties of the 
bridge has shown that it is possible to design the 
bridge such that these two non-linear effects 
practically compensate each other, so that the 
relationship between the temperature and the bridge 
current is linear within an accuracy of 0.2 °C. The 
resistance values then used in the bridge for the skin 
thermometer (range 15-42 °C) happen at the same 
time to give maximum sensitivity. 

A linear relationship offers considerable ad- 
vantages. Not only is the absolute reading accuracy 
constant within the whole range but it is also 
possible to use a standard printed linear scale in the 
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Fig. 4. The resistance of an NTC resistor as a function of the 
temperature. 
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meter. If the meter is adjusted to give correct read- 
ings at two points, it will then be correct over the 
whole scale. For one of these temperatures, viz. 
the lowest scale reading, the bridge is balanced by 
adjusting the resistance in one of the arms; for the 
second temperature, the sensitivity of the bridge 
can be adjusted by connecting a small resistance in 
series with the meter. 

The skin thermometer described here may also 
be used as a clinical thermometer if used per rectum 
(if the thermometer is used e.g. in the arm-pit, the 
design of fig.3 is not such as to always ensure the 
direct contact of the sensitive element with the 
skin). Thus, by providing the instrument with two 
ranges, selected by a switch, it is possible to com- 
bine the skin thermometer and the clinical thermo- 
meter in one instrument. This is a doubly attractive 
proposition since the construction shown in fig. 3 is 


simpler and thus cheaper than that shown in fig. 2. 
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Fig. 5. Graph showing the slight deviation from a linear scale 
of an electrical thermometer with a range of 0-160° C. The 
temperature coefficient of the NTC resistor varies by a factor 
of 20 in this temperature range. 


It is possible also to construct non-clinical thermo- 
meters with much greater ranges (e.g. 0 to 160 °C) 
based on the same principles. It is then no longer 
possible to keep the relationship between tempera- 
ture and meter deflection exactly linear, so that a 
calibrated scale is necessary. It is possible, however, 
to choose the bridge resistances so that the deviation 
from linearity is reasonably small, so as to retain 
the advantage of an almost constant absolute 
reading accuracy (see fig. 5). Possible applications 
for such a thermometer include: rapid checking of 
the temperature of resistors in electrical apparatus 
during operation, and the temperatures of bearings, 
carbon brushes, transformer cores and electrode 
lead-in wires in electronic tubes. 
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STEREO REVERBERATION 


by R. VERMEULEN. 
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While too long a reverberation time makes speech unintelligible, a reverberation time which is 
too short makes music sound “dry” and brittle. Many varieties of acoustic materials are 


available for shortening the reverberation time and improving the intelligibility. Lengthening 


of the reverberation time and — perhaps more important — making the sound diffuse, can 
be achieved by electro-acoustic means. Tests have shown that in this way a good theatre hall 


can be made suitable for concerts. 


Introduction 


The acoustic properties of a hall are determined 
by the behaviour of the sound waves, in particular 
those which are reflected from the walls. The im- 
portance of the reflected sound can be well under- 
stood if one has listened to an open-air speech made 
without an amplifier installation, or if one imagines 
an open-air performance by a symphony orchestra 
without this aid. 

A simple calculation will show that in a hall at 
even quite a small distance from the orchestra, the 
direct sound can sometimes be weaker than the 
reflected sound. At a distance r from a sound 
source of power P, the energy density of the direct 
sound is equal to P/(4ar?c), where c is the velocity 
of sound. In a hall with a volume V and reverber- 
ation time T (defined as the time in which the sound 
intensity decreases by 60 dB, after the source has 
ceased radiating), the energy density of the indirect 
sound!) is PT/(13.8 V). These two energy den- 
sities are equal at a distance ry = (1.1 V/cT)3. 
Values of rj) corresponding to various practical 
values of V and T are as follows: 


os 


V= 100 1000 10000 m3 
T= 0.8 1.0 15 s 
ren 0T ae) erent 


At distances greater than ry the indirect sound 
predominates. It is seen that this can occur at 
distances of only a few metres. 

The qualities required of a hall for speech and 
for music are quite different. In a theatre, the intel- 
ligibility is of primary importance. If speech is to 
be clearly understood, the reflected sound must 
reach the audience with so little delay that it rein- 
forces the direct sound but does not overlap the 


1) See for example A. Th. van Urk, Auditorium acoustics 
and reverberation, Philips tech. Rev. 3, 65-73, 1938. 


sounds which follow. For the latter, the persistence 
of the preceeding sound must be regarded as 
“background noise”, which adversely affects intel- 
ligibility. As a rough guide, one can say that all 
sound which reaches the audience within 50 milli- 
seconds can be regarded as useful sound ?). Erwin 
Meyer has formulated the idea of “clearness” or 
“definition” *), which he defines as follows: 


50 msec 


Be ONS 
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> 
where p is the sound pressure, t is the time (mea- 
sured from the moment at which the source is 
silenced) and t, is a time much greater than 50 msec. 

For a concert hall, on the other hand, the first 
requirement is not intelligibility, but a fine, full 
tone. Here it is much more difficult to specify the 
requirements. For speech, the reverberation must be 
accepted as an inevitable, disturbing accompani- 
ment to the useful sound, because it simply is not 
possible to silence the sound suddenly after 50 msec. 
For music we know that the reverberation time 
not only may be, but must be, longer. The optimum 
value is clearly dependent on the nature of the 
music. It is often seen that a composer has cons- 
ciously taken into account the acoustics of the space 
(church, concert hall, room) where he wanted his 
music to be played. The inclination to sing in the 
bathroom can probably be largely attributed to the 
long reverberation time of this acoustically “hard” 
room. 

It is becoming increasingly clear that the rever- 
beration time is not the only property governing 
the suitability of a hall for musical performances. 


*) See the article referred to in 4), pp. 72-73. 
3) E. Meyer, Definition and diffusion in rooms, J. Acoust. 
Soc. Amer. 26, 634, Sept. 1954. 
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One might even conjecture that here, too, reverber- 
ation is merely an inevitable subsidiary effect. 
Just as important, or perhaps even more so, is the 
“diffuse-ness”’ of the sound (and. possibly also the 
nature of the fluctuations of the reverberation). 

To study these phenomena more precisely, we 
attempted to produce an artificial diffuse reverber- 
ation in the laboratory by means of distributed 
loudspeakers which repeated the music played, 
with controllable intensity and lag. This experi- 
ment appeared to improve the acoustics to such an 
extent that we ventured to take the bold step of 
using this artificial reverberation to make a theatre 
suitable for concerts. We propose that this artificial 
diffuse reverberation be called 
ration ’’. 


“stereo reverbe- 

Our first installation was in the Philips Theatre 
at Eindhoven, whose acoustical properties as a 
theatre were very satisfactory as a result of rebuil- 
ding in 1935, but which left much to be desired 
as a concert hall. In addition to this theatre, a hall 
known as the “Gebouw voor Kunsten en Weten- 
schappen” (Arts and Sciences Hall) in The Hague, 
is now fitted with a permanent installation for stereo 
reverberation *). 


Principle of the installation for stereo reverberation 
The delay wheel 


The principle of the stereo reverberation instal- 
lation may be explained with the help of fig. 1. 
Controllable time lags are obtained by means of 
magnetic recording and playback. Magnetic material 
such as is used for magnetic tape is coated on the 
rim of a wheel (“delay wheel’’) °). 
recorded on this material via a microphone and a 
recording head. A number of play-back heads 
— in the final apparatus four, in experimental 
types six (fig. 2) or more ( fig. 3) — are mounted 
around the circumference of the wheel and con- 
nected via separate channels to loudspeakers. 
These are installed in various places in the hall: 


The music is 


4) Demonstrations of stereo reverberation have also been 
given at the first I.C.A. Congress on Electro-acoustics, 
(Acustica 4, 301, 1954), at Gravesano in Switzerland (at 
the invitation of the conductor W. Scherchen; see his book 
Musik, Raumgestaltung und Elektroakustik, Arsviva Verlag, 
Mainz 1955) and at the 3rd “Tonmeistertagung” of the 
Nordwestdeutsche Musikakademie Detmold (see D. Kleis, 
Elektron. Rdsch. 9, 64-68, 1955 (No. 2)). Similar tests, 
but done in the open air, are described by H. S. Knowles, 
Acustica 4, 80-82, 1954 (No. 1). 

5) Others have also constructed a similar equipment, but have 
not created diffuse reverberation with it; see H. Schiesser, 
Einrichtungen zur Erzeugung_kiinstlichen. Nachhalls, 
Funk und Ton 8, 361-368, 1954 (No. 7), and P. Axon and 
‘co-workers, Artificial reverberation, J. Instn. El. Engrs. 1, 
368-371, 1955 (No. 6). 
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on the ceiling, along the balustrade of the baleony. 
in a lighting cornice, in “dead” corners under the 


balcony, etc. Between the last play-back head and 


oeF9000g 
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Fig. 1. Installation for simulating indirect sound with various 
time lags. A auditorium. P platform. M microphone. W 
delay wheel, coated on the edge with magnetic material 
suitable for magnetic sound recording. O recording head, 
1...6 play-back heads. 7 erasing head. L loudspeakers. 


Fig. 2. Stereo reverberation installation in the Philips Theatre 
at Eindhoven. At the bottom of the cabinet is the delay wheel 
(cf. fig. 1); above it the amplifiers. 
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the recording head is an erasing head, which en- 
sures that the magnetic layer is blank on returning 


to the recording head. 


VOLS Ii Now 


For three reasons, however, the listener hears 
more than these seven (1 + 6) reports: firstly 
because to each play-back head, several loud- 


Fig. 3. Stereo reverberation installation in the “Gebouw voor Kunsten en Wetenschappen”™ 
(Arts and Sciences Hall), The Hague, in experimental form. The delay wheel was then 
fitted with ten play-back heads, of which six could operate simultaneously. It was possible 
to switch over rapidly from one set of play-back heads to another. 


Let us consider the case of a sharp report pro- 
duced in the hall (pulse Io, fig. 4). After a certain 
transit time this reaches the microphone and then 
the artificial indirect sound begins. The latter, if we 
are using six play-back heads, consists in the first 
place of six successive reports from the loudspeakers 
(I, ... I,). The intensity of each of these reports 
can be adjusted at will by the gain controls; the 
time intervals are also under control, by the 
spacing of the heads round the wheel and by its 
speed of revolution. 


Io WieocindllS BE) oe Tht Tj" 
85211 —».t 


Fig. 4. If a report (pulse [,) is produced in a hall with stereo 
reverberation, the six loudspeakers deliver during one revo- 
lution of the delay wheel the six reports J,...[,. If electrical 
feedback is applied from the sixth play-back head to the re- 
cording head, the loudspeakers give a second series of six 


reports (J,’...J,’), a third, and so on. (Acoustic feedback is 
here neglected.) 


speakers are connected, which are dispersed through- 
out the hall and are at different distances from the 
listener, so that the transit times are different; 
secondly because the walls reflect both the original 
sound and those coming from the loudspeakers, 
and thirdly because the report from each loud- 
speaker is picked up by the microphone, once 
more recorded on the wheel and, though attenu- 
ated, reproduced six-fold. 

All these effects contribute to the fact that the 
original report is followed by a large number of 
others, so that the reverberation time can achieve 
considerable values. The third effect mentioned 
above — the feedback from the loudspeakers to the 
microphone — even involves the danger that one 
particular note continues to sound too long and 
in the extreme case howls back continuously; 
therefore this effect must be curtailed as much as 
possible (we shall return to this point presently). 
This acoustic feedback can be advantageously 
replaced by electrical feedback, in which a chosen 
fraction of the signal from the last play-back head 
is fed back to the recording head. This records the 
signal afresh: in our example, a second series of 
six reports then ensues (J,’... I,’ in fig. 4); this series 
is once more recorded and a third series follows, and 
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so on. By adjusting the fraction of the output 
signal which is fed back, each series can be atte- 
nuated to any given degree, so that the reverbe- 


ration time can be chosen at will. 


Calculation of the effect of the stereo reverberation on 
the acoustic properties of the hall 


The following calculation shows, for a simple 
case, the effect which stereo reverberation has on the 
acoustic properties of the hall. Suppose that the 
energy density in the hall is E(t). Then —VdE/dt is 
the rate at which acoustic energy in the hall dimin- 
ishes. In a hall without stereo reverberation, this 
must be equal to the power absorbed by the 
walls °), which is proportional to EF, say equal to 
ak. Stereo reverberation supplies extra power 
proportional to the energy density at some time t 
ago: BE(t—rt). We can thus construct the equation: 


ye E 
— Ae (t) — BE(t—r). 


A solution to this is: 


E = E, exp(—mt), 
where 


mV = a— f exp(mrt) ; 


the quantitity m is inversely proportional to the 
reverberation time T, and equal to 13.8/T. For small 
values of mt, an approximate value of exp(mr) 
is given by 1 + mt. Thus we have: 


a— p 

1 ee 

V+ pr 
From this it is seen that increasing the strength of 
the stereo reverberation (f) has the same effect 
as decreasing the absorption (a) or increasing the 
volume (V) of the hall. An increased lag t also gives 
the effect of a hall of larger volume; we shall return 


later to this point. 


The microphones 


The above calculation was based on the assump- 
tion that one could speak of “the”? energy density 
in the hall. In many cases the total energy (sum of 
potential and kinetic energy) is indeed fairly evenly 
distributed throughout the hall. With standing 
waves, however, as is well known, the potential 


6) See for example the article referred to in 1), where it is 
shown that the proportionality factor a is equal to 1/,aAc, 
where a is the average absorption coefficient and A the 


area of the walls. 
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and kinetic energy alternate with each other, and 
this means tbat the sound pressure at constant 
frequency changes sharply from place to place, 
and, conversely, that at a particular place the 
sound pressure is very dependent on the frequency. 
The microphone which picks up the signal ayia 
is fed back to the hall via the delay wheel and 
the loudspeakers, responds only to the pressure 
at the spot. The factor # in our calculation there- 
fore varies sharply with the frequency, and the 
reverberation time, which is inversely proportional 
to a— f, varies also and to a much greater degree. 
If 6 as a function of the frequency shows a peak, 
then increasing the amplification will cause the 
note at which the peak occurs to go on sounding 
for a long time, while for most other frequencies, 
the reverberation time is not yet lengthened appre- 
ciably. With even greater amplification, the note 
fails to decay at all (howl-back: a—f has become 
negative). 

The obvious solution is to try and suppress the 
peak by a filter in the microphone channel. However, 
there are so many peaks in the frequency charac- 
teristic of a hall, and these peaks are so sharp, that 
the suppression of all of them would be a hopeless 
task, particularly since the peaks are modified 
by all changes made in the hall or on the platform. 
It is worthwhile, nevertheless, to attenuate those 
frequency ranges in which the highest peaks occur 
in such a way that increase of amplification causes 
a number of widely separated frequencies to howl 
back at the same time. 


In this connection it can be argued that electrical feedback 
via the delay wheel is a better means of obtaining a long 
reverberation time than acoustic feedback via the hall. 

In a system with delayed feedback, the feedback signal and 
the input signal exhibit, in general, a relative phase difference 
which is proportional to the product of frequency and time 
lag. If there are a great number of feedback channels (as there 
invariably are in practice, with acoustical feedback), and 
if we suppose that they all make equal contributions to 
the input signal, then in general the contributions will 
show fairly random phase differences, so that the average 
resultant increases as the root of the number of feedback 
channels. There will be, however, one or more frequencies for 
which all the contributions are nearly in phase with each 
other. For these frequencies the resultant will be a maximum 
and equal to the algebraic sum of the contributions, and thus 
proportional to the number of feedback channels. This reaso- 
ning makes it clear that the ratio of the maximum value of the 
resultant (which occurs at a particular frequency and limits 
the maximum amplification) to the average value (at other 
frequencies) increases with the root of the number of feedback 
channels. In the case of a microphone and loudspeakers in the 
same hall, this number is very large and it is to be expected 
that a situation can easily arise in which one note continues 
to’sound for a long time. With feedback via the delay wheel, 
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we are using only one feedback channel (from the last play- 
back head to the recording head) and the above-mentioned 
danger is thus much less. It would be possible to introduce 
more feedback channels, e.g. from one or more of the precee- 
ding playback heads to the recording head. Experiments 
have shown that this is undesirable, and this is partly ex- 


plained by the above considerations. 


Fig. 5. The stage in the “Gebouw voor Kunsten en Weten- 
schappen” in The Hague. M, is the line microphone (rod with 
ten condenser microphones). (Other microphones visible in 
the photograph were for broadcasting and had nothing to 
do with stereo reverberation.) 


Instead of a microphone which responds to the 
average sound density in the hall, the other extreme 
would be one which responds exclusively to sound 
coming directly from the source and is insensitive 
to sound from the hall’). The danger of notes 
howling back would then be completely averted. 
This situation can be closely enough approximated 
to by using a microphone having a sharp directional 
characteristic. An arrangement for achieving this, 
a so-called “line microphone”, consists of a group 
of ten condenser microphones mounted at equal 
intervals along a rod rather more than a metre 


in length (fig. 5). By suitably positioning this line 


es) This occurs, for example, in the case of music reproduced 
in a hall, when it is (or was) actually performed elsewhere. 
We return to this point again at the conclusion. 
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microphone above the orchestra, we can ensure 
that the loudspeaker signal at the microphone, 
although still making an important contribution, 
no longer dominates. If it is not possible to cover 
the orchestra adequately with one line microphone, 
two may be used ( fig. 6). 

The use of one or more extra microphones can 
be desirable in order to strengthen weak instruments 
in the orchestra. Thus, for example, in the Philips 
Theatre at Eindhoven the organ was rather weak in 
comparison with the orchestra and choir in the 
annual performance of Bach’s St Matthew Passion; 
it appeared to be an improvement when this in- 
strument was boosted by a microphone of its own 
(fig. 7). With such cases in mind, the stereo rever- 
beration system was provided with several micro- 
phone channels with mixing facilities. These should, 
however, be used with the utmost restraint, for 
the sound engineer must never encroach upon 
the conductors prerogative for the balance of the 


instruments in the orchestra. 
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Fig. 6. In the Philips Theatre at Eindhoven two line micro- 
phones are used (M,, M,). The loudspeakers are mounted in a 


ang position behind the lighting cornice L (compare 
g. 9). 
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Fig. 7. The small organ in the Philips Theatre can be reinfor- 
ced through an amplifier channel fed from a separate micro- 
phone M,. 


Br 


e 
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The loudspeakers 


As already suggested, the diffuseness of the sound 
is perhaps even more important than the lengthen- 
Diffuseness 


obtained by dispersing the loudspeakers over the 


ing of the reverberation time. can be 


hall ( fig. 8) and connecting them to the various 
play-back heads. The wiring is simplified if all the 
loudspeakers belonging to one group (fed from the 
same play-back head) are connected in series. In 
the case of four play-back heads, one four-core 
cable is run around the hall, balconies, ete; where a 
loudspeaker is installed, the appropriate core is cut 
and the speaker connected in series ( fig. 9). 

The distribution of the loudspeakers between the 
various play-back heads should be done as ran- 
domly as possible. The only restriction is that the 
audience should never get the impression that the 
sound comes from the loudspeakers. We shall now 
try to explain further the general lines to follow in 
order to avoid this impression. 

We shall use some results of the work of K. de 


Boer on stereophony *). In fact, we are here dealing 


8) For a recapitulation of the principles of stereophony, with 
references to the literature, see R. Vermeulen, Philips 


tech. Rey. 17, 171-177, 1955/56 (No. 6). 


Fig. 8. In the “Gebouw voor Kunsten en Wetenschappen” the loudspeakers are mounted 
along the edge of the upper balcony and (not visible in the photograph) under the balconies. 
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with an analogous problem. The condition that 
nobody in the hall may consciously hear music 
coming from the loudspeakers, means that at all 
points in the hall the “sound image’ must appear 
to be located in the orchestra. This latter can be 


Fig. 9. The loudspeakers of the stereo reverberation installa- 
tion in the Philips Theatre are mounted in groups of two or 
three in the panels which cover the lighting cornice (L in 
fig. 6). At J one of the panels has been lifted up. 2 is the (six- 
core) cable, 3 a junction box. 


regarded as one of the two sound sources in a stereo- 
phonic installation, one of the loudspeakers being 
the other. For the sake of simplicity we assume that 
the observer is in the plane of symmetry of the two 
sources (if he is otherwise situated, the values to be 
mentioned presently must be modified by suitable 
amounts). We then know that he will locate the 
virtual sound source (the “sound image’’) in the 
orchestra if (a) the sound from the orchestra 
and that from the loudspeaker arrive at the same 


PHILIPS TECHNICAL REVIEW 


WOE, ily, INO: 


time but the intensity of the orchestra is at least 
10 dB above that of the loudspeaker, or (b) or- 
chestra and loudspeaker are equally loud but the 
sound from the orchestra arrives 2 msec earlier. 
These are the two extremes; for intermediate cases, 
as far as the position of the sound image is concer- 
ned, a lag of 1 msec in one sound is compensated by 
an increased intensity of 5 dB, according to the al- 
most linear relationship %) shown in fig. 10. The 
sound image is still located in the orchestra even 
when the intensity of the orchestra is 5 dB less than 
that from the loudspeaker, provided the sound from 


the orchestra arrives 3 msec earlier. 


5 aby 


0 1 2 3ms 
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Fig. 10. Differences in intensity (in dB) plotted against the 
phase differences At which produce the same angular displace- 
ment of the sound image. 


Another condition is that for no listener may 
the sound from the loudspeakers arrive with so 
great a time lag that it is no longer experienced as 
reverberation of the orchestra, but as a separate 
echo. This means that for no observer may the 
first loudspeaker signal which reaches him arrive 
more than 50 msec after the direct sound from the 
orchestra. This value corresponds to that found 
earlier when investigating the maximum time inter- 
val during which, in speech, the indirect sound 
contributes to the intelligibility (see Introduction). 
Recent investigations 1°) have confirmed this value 
and also that the indirect sound may be stronger 
than the direct without disturbing the location 
of the sound image. 

On the basis of these data we can set down the 
following rules for a stereo reverberation instal- 
lation: 


°) K. de Boer, Stereophonic sound reproduction, Philips 
tech. Rev. 5, 107-114, 1940. 

10) H. Wallach, E. B. Newman and M. R. Rosenzweig, The 
precedence effect in sound localization, Amer. J. Psych. 
62, 315-336, 1949; G. Meyer and G. R. Schodder, Uber 
den Einfluss von Schallriickwiirfen auf Richtungslokali- 
sation und Lautstirke bei Sprache, Nachr. Akad. Wiss. 
Gottingen, Ila, 31-42, 1952. 
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1) No member of the audience may receive sound 
from any loudspeaker before the direct 
has reached him. 


sound 


bo 
— 


Nowhere may the first loudspeaker sound arrive 
than the direct sound 
(a safety margin of 10 msec has been deducted 
from the limiting value of 50 msec). 
3) The intensity of the loudspeakers may nowhere 
be more than 5 dB above that of the direct 
sound '!) (apart from the diffuseness required, 
this is another reason why many dispersed. loud- 
speakers must be used). 


more 40 msec after 


If the same hall is also to be used for plays or lectures and 
improvement of the intelligibility is desirable, the stereo rever- 
beration installation can also make itself useful for this 
purpose. One must then ensure that no sound is repeated 
later than 40 msec after the direct sound, and no feedback 
should be applied. 


Directions for operation of the installation 


Complying with the rules listed above does not 
necessarily ensure that the installation works satis- 
factorily. Because the theory lacks sufficient experi- 
mental backing, one should beware of clinging to 
unfounded preconceived opinions. 

An example will illustrate this. In one of our 
first experiments with stereo reverberation, it was 
thought that the artificial reverberation should be 
built up of as many repetitions as possible, in order 
to obtain the smoothest possible exponentially 
decreasing intensity. It appeared, in fact, that 
though this did give the impression of a long rever- 
beration time, this was by no means accompanied 
by the feeling of being in a large hall — rather that 
of a small “hard” room such as a bathroom. To 
suggest a large space, it was necessary to increase 
the time interval between the echos and to make the 
reverberation not at all smooth. By careful adjust- 
ment in a laboratory room of about 1000 m? 
volume, we could create the acoustic impression 
of being in a cathedral. 

One general piece of advice relating to electro- 
acoustical intervention in musical performances 
is that the engineer must show considerable retraint. 
He must suppress his desire to make the effect 
striking and take care that he does not exaggerate. 
His is a thankless task: whenever his work is rec- 
ognized for what it is, he will be reproached, and the 
better he does his work, the more natural the result 
will appear and the less thanks he can expect. 
The highest praise he can receive is probably the 


11) See fig. 8 in the article by Meyer and Schodder, referred 
to in 1°). 
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simple verdict: “...the orchestra sounded much 
better’’. 

As we have said, not only the Philips Theatre 
at Eindhoven, but also the Gebouw voor Kunsten 
en Wetenschappen in The Hague, is fitted with a 
stereo November 
30th, 1954, this installation (then still provisional) 
had its public debut during a concert given by the 
After the effects 


which can be achieved were demonstrated more 


reverberation installation. On 


Residentieorkest. the concert, 
emphatically. 

The verdict on the operation during the concert 
varied from “favourable” to “very favourable”’. 
Some people, however, found it difficult to observe 
the effect consciously. This is illustrated by a 
remark from a musician in the audience: “It was 
remarkable that one could not consciously hear 
that the installation was in operation; one only felt, 
or experienced it. Only during the demonstration 
after the concert did I become consciously aware 
of it, and convinced that my observations during 
the concert were not imaginary”. 

Though the improvement may be appreciated 
only unconsciously by some of the audience, it is 
another matter for the performing musicians, both 
members of the orchestra and soloists; they expe- 
rience the stereo reverberation very clearly and cons- 
ciously as making the hall more “playable”. This 
undoubtedly contributes to the attainment of a 
higher artistic level. 

We feel that it is an important milestone in the 
development of electro-acoustics that leading musi- 
cians not only permit microphones and_loud- 
speakers and all that goes with them, in the concert 
hall, but actually welcome their help. 


Other applications of stereo reverberation 


Stereo reverberation will undoubtedly find other 
applications apart from the conversion of theatres, 
acoustically speaking, into concert halls. However, 
the apparatus is so complicated that these appli- 
cations will be limited to the professional field for 
the time being. 

One obvious application is in broadcasting 
studios. Here, stereo reverberation can be a means 
of adjusting the acoustics of the studio to the nature 
of the music or the play to be performed. This can, 
of course, be done afterwards by adding artificial 
reverberation to the microphone signal; the echo 
chamber is a device often used for this purpose. 
But this deprives the musicians of the stimulus 
of good acoustics and if there is an audience in 
the studio, they too miss the full effect. Stereo 
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reverberation can overcome these difficulties |”). 
Another application that springs to mind is in 
the cinema. Here stereo reverberation can be ob- 
tained in the manner described above, with the 
difference that the microphone is discarded and the 
recording head on the delay wheel is now fed with 
the signal derived from the sound track of the film. 
It is even sinipler if the cinema is fitted for a system 
like “CinemaScope”’, i.e. fitted with loudspeakers 
around the hall and projectors suitable for films 
with more than one sound track; the direct and the 
delayed diffuse sound could then be recorded be- 
forehand on these tracks, so that the cinema has 
no need to be equipped with the delay wheel. 
Finally we may mention the “duplication of 
concerts” 18), that is the stereophonic reproduction 


12) According to a private communication from Dr. J.J. Geluk, 
Head of the Dutch Broadcasting Union Laboratories, 
the Union is planning to build two large broadcasting 
studies (7500 m? each) in which the principles of stereo 
reverberation will be applied. 

13) R. Vermeulen, Philips tech. Rev. 10, 169-177, 1948/49 
and R. Vermeulen and W. K. Westmijze, Philips tech. 
Rey. 11, 281-290, 1949/50. 
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in one or more “overspill” halls of a concert given 
elsewhere. Clearly, diffuse reverberation in the 
“overspill” halls can considerably increase the 


musical value of the programme presented. 


Summary. A shortage of good concert halls means that music 
is often presented in a hall which is less suitable for this pur- 
pose, for example, in a theatre. Such halls can be given better 
acoustics for music by providing artificial diffuse reverberation. 
An installation is described with which such “stereo rever- 
beration” can be provided electro-acoustically. It is based on a 
so-called “delay-wheel”, the rim of which is coated with a 
material suitable for magnetic sound recording. A recording 
head records the music performed. A number of play-back 
heads (say, four or six) around the circumference of the ro- 
tating wheel pick up the recorded sound with predetermined 
time lags, and separately feed a group of loudspeakers, mounted 
throughout the hall. The intensity of each group is indepen- 
dently controllable, and the time lags can be regulated by the 
speed of the wheel. The sound is picked up by one or two “line 
microphones’’, each consisting of ten condenser microphones 
with strongly directional characteristics, to reduce the possi- 
bility of continuous “howl-back”. 

It has been shown that such an installation can produce 
a great improvement in the musical acoustics of a hall. Some of 
the audience experience this only unconsciously, but the per- 
forming musicians are strongly aware of it as making the hall 
more “playable”’. 

Finally, some other possible applications of stereo rever- 
beration are discussed: in broadcasting studios, in the cinema 
and in the “duplication” of concerts. 
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2217: A. Venema: Thermische emissie (Te Ned: 
19, 283-303, 1954). 


(Thermionic emission; in Dutch). 


Radiogenootschap 


After an introduction to the subject, the author 
deals briefly with Schottky’s method for calculating 
the work function, the influence of adsorbed layers 
on the work function, and its measurement on the 
basis of the Richardson formula. This is followed by 
a survey of emitter substances, with data on the 
temperature dependence of the current density. The 
thermionic efficiency is considered. The problem of 
the life of oxide cathodes is also dealt with. The 
shortcomings of the oxide cathode are mentioned, 
which have lead to the development of the so-called 
dispenser cathodes. Three types of the latter are 
discussed: the L-cathode, the impregnated cathode 
and the pressed cathode. 


2218: D. Kleis: Dynamique de l’enregistrement 
magnetique (Onde électrique 34, 753-760, 
1954). 


For good sound reproduction, an adequate 
dynamic range is essential. A large orchestra has a 


dynamic range of about 80 dB; with magnetic 
recording, a dynamic range of only 70 dB is attain- 
able, so that it is important to ensure that this is 
used to the fullest extent. This puts high require- 
ments on the recording apparatus as well as on the 
reproduction instrument. Unless special precautions 
are taken, there is the danger with such a large 
dynamic range that the noise level and distortion 
are unacceptably high; this is a result of the asymm- 
etry of the erasing current but, more important, of 
the A.C. biassing current. With the usual type of 
play-back head, the signal voltage delivered to the 
amplifier is proportional not only to the amplitude 
of the flux in the play-back head but also to the 
frequency. This results in the signal voltage having 
a dynamic range considerably greater than that of 
the recording itself. To prevent the introduction of 
noise and distortion in the amplifier, special circuits 
must be used. This article discusses these factors 
and the means by which the desired dynamic range 
can be obtained in both recording and reproduction. 
The methods used include, in particular, the use of 
a negative feedback h.f. oscillator for erasing and 
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biassing during recording and an amplifier with 


frequency-dependent negative feedback during 
reproduction. 
2219: G. W. Rathenau and G. Baas: Electron- 


optical observations of transformations in 
eutectoid steel (Acta Metallurg. 2, 875-883, 
1954). 

More detailed account of investigations described 


in brief in Philips tech. Rev. 16, 337-339, 1955/1956. 


2220: J. M. Stevels: Networks in glasses and other 
polymers (Glass Ind. 35, 657-662, 1954). 


The dielectric losses, measured as tan 6, asa 
function of temperature are compared for a number 
of glasses, fused silica and crystalline quartz. It is 
shown that the sharp peak in the curve for 
quartz at low temperatures has its origin in a 
relaxation mechanism. For fused silica and the 
glasses examined, tan 6 has a very broad maximum 
at low temperatures. It is reasonable to suppose 
that in the latter cases we are concerned with a 
movement of the oxygen, modified by the network 
in which it is bound. With decrease in Y (the 
average number of points of contact per tetrahed- 
ron), tan dmax and also the corresponding decrease 
of the dielectric constant ¢ go through a maximum 
whereas the activation energy of the relaxation 
phenomenon goes through a minimum. This can be 
understood as due to the fact that although the 
network gets looser and looser, the network-modify- 
ing ions increase in number so that the oxygen 
becomes less mobile. Tan 6 for silicones and other 
organic polymers also shows a broad maximum at 
very low temperatures. Here, however, sharp peaks 
are also present at about 200°K. The possible 
origin of these peaks is discussed. 


2221: F. A. Kréger and H. J. Vink: Physico- 
chemical properties of diatomic crystals in 
relation to the incorporation of foreign atoms 
with deviating valency (Physica 20, 950-964, 
1954). 


If foreign ions of a valency deviating from that 
of ions of the base lattice are incorporated, electro- 
neutrality is maintained. This is effected in a number 
of ways, some of which are already known. For 
example, electro-neutrality may be maintained by 
the formation of vacancies, or by the occupation of 
interstitial sites. A second mechanism is that in 
which the incorporation of the foreign ions is 
accompanied. by a reduction or an oxidation of the 
base lattice. It is shown that it is possible to consider 
the various ways of maintaining the electro- 
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neutrality from a general point of view. There are 
a number of factors which govern the way the 
electro-neutrality can be maintained. Among these 
are the concentration of the foreign ions, the tenden- 
cy of the base lattice to form lattice imperfections, 
the position of the energy levels associated with the 
various lattice imperfections, and the width of the 
forbidden zone. Another factor of importance is the 
atmosphere in equilibrium with the compound. In 
such a way, a third mechanism of maintaining the 
electro-neutrality is found. Application of these 
considerations to CdS as a base lattice gives a 
satisfactory agreement with experiment. 


2222: F. van der Maesen and J. A. Brenkman: 
Acceptor activity of copper in NV and P type 
germanium of different resistivity (Physica 
20, 1005-1007, 1954). 

Experiments are carried out in which N and P 
type germanium samples with various resistivities 
or a bar with a resistivity gradient are saturated 
with copper at temperatures of 750 and 810 °C. The 
number of introduced acceptors calculated from the 
change of resistivity after quenching, 
on the position of the Fermi level. In material that 


is dependent 


remains NV type after saturation, there is a consider- 
able increase of the acceptor activity. It is therefore 
possible that copper produces extra acceptor levels 
with a rather high activation energy. 


2223: H. J. G. Meyer: On the theory of transitions 
of F-centre electrons (Physica 20, 1016-1020, 
1954). 


In the expressions for the probability of a radia- 
tionless transition in F centres, as given by Huang 
and Rhys and more recently by the present author, 
certain parameters occur, the numerical values of 
which have to be found from a comparison of the 
experimental and the theoretical absorption spec- 
trum due to the corresponding transition. If certain 
small but systematic deviations between theory and 
experiment are neglected, values for the radiation- 
less transition probability are found which are of 
a reasonable order of magnitude. It is furthermore 
shown in a qualitative way that the deviations may 
be explained by the fact that the theoretical spec- 
trum is determined under the assumption that the 
Condon approximation is valid. For alkali-halide 
F-centres this is probably not allowed. 


9224: B. H. Schultz: Surface recombination as a 
function of the concentration of charge 
carriers in the interior (Physica, 20, 1031- 
1033, 1954). 
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Measured values of the surface recombination 
rate s of electrons and holes of P and N germanium 
are compared with what is to be expected from the 
considerations of Brattain and Bardeen on surface 
states. There is qualitative agreement: s is indeed 
large for materials of small resistivity, but it depends 
on the resistivity to a lesser extent than the theory 
predicts. For intrinsic germanium (i.e. germanium 
in which neither donors nor acceptors are dominant) 
which has been etch-polished, the value of s measur- 


ed was 20 cm/sec. 


2225: F. A. Kréger, H. J. Vink and J. Volger: 
Resistivity, Hall effect and thermo-electric 
power of conducting and photo-conducting 
single crystals of CdS, from 20—700 °K 
(Physica 20, 1095-1099, 1954). 


Short report on investigations which were 
described at length in Philips Res. Rep. 10, 39-76, 
1955: see these abstracts No. R260. 


2226: G. H. Jonker: Semiconductor properties of 
mixed crystals with perovskite structure 


(Physica 20, 1118-1122, 1954). 


Mixed crystals of La Me** O, and Sr Me‘* 0, (Me = 
Ti, Cr, Mn, Fe or Co) with perovskite structure have 
been prepared in ceramic form. The compounds 
with the general formula [La,_,Sr,] [Me?' Me**]0, 
show a high electric conductivity as the Me-ions 
are present in two valency states. Interesting 
properties are met in mixed crystals containing two 
kinds of metal ions of the transition group. Because 
of the difference in ionisation energies, one may 
expect that only one kind of the metals in these 
mixed. crystals exists in two valency states. It is 
possible to prepare samples with high restivity, 
from which it can be concluded that one metal is 
present in the trivalent state and the other one in the 
tetravalent state, e.g. in [Lay 75 Sro95][Feet;Mnt 5. 
O;. By the determination of the maxima of the 
resistivity in various series of mixed crystals, the 
following sequence of preference for the tetra- 
valent state is found: Mn > Cr > Fe. Some of the 
measurements are complicated by the ferromagnetic 
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properties of the materials, which have a strong 
influence on the conductivity. It was therefore 
difficult to find the place of Co in the sequence. 


R 271: G. Klein: Rejection factor of difference 
amplifiers (Philips Res. Rep. 10, 241-259, 
1955, No. 4). 


By analyzing the ordinary triode difference 
amplifier it is shown that the rejection factor can be 
made arbitrarily large, without the need. for pre- 
selection of valves or stringent mutual equality of 
corresponding circuit elements. Some circuits are 
given which guarantee a high rejection factor, even 
with 10° difference of the corresponding components 
of the two halves. The theory is verified by a number 


of measurements. 


R 272: J. Volger, J. M. Stevels and C. van Ameron- 
gen: Dielectric losses of various monocrystals 


of quartz at very low temperatures (Philips 
Res. Rep. 10, 260-280, 1955, No. 4). 


Between 14 and 150 °K the tandé vs T curve of 
quartz, measured at frequencies of 1 or 32 ke/s, 
may show a variety of maxima. The relaxation 
phenomena involved are correlated with both 
primary and radiation-induced lattice defects. 
Results of experiments with clear quartz, artificially 
irradiated quartz, natural smoky quartz and 
amethyst are reported. A discussion related to the 


nature of a number of lattice imperfections is given. 


R 273: A. van Weel: Phase-linear television recei- 
vers (Philips Res. Rep. 10, 281-298, 1955, 
No. 4). 


A television receiver with phase-linear intermedi- 
ate frequency amplifier is described. Normal select- 
ivity demands are satisfied and conventional circuits 
are used. Performance compares very favouraby 
with receivers of which the I.F. phase errors are 
compensated for in the video-frequency part of 
either transmitter or receiver. The picture quality, 
apart from being optimum for the given bandwidth, 
is almost independent of tuning variations. 


